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Preface 


The power electronic converter (PEC) is the most important part of various elec- 
trical and electronic systems. Various robotic systems,biomedical systems,modern 
computers and cell phone systems require accurately controlled power supplies or 
switching mode power supplies (SMPS). Although many of the power electronic 
devices are functioning in open-loop mode, i.e., without any control system, there 
are certain systems which require precise/robust control strategy to maintain voltage 
or current at desired levels in the presence of load disturbances or supply-side 
variations. The pulse-width modulation (PWM) has been the most preferred tech- 
nique for feedback control implementation which involves the duty cycle variation 
to control the output voltage. Various control strategies are available in the litera- 
ture. Among them, sliding mode control (SMC) technique has become more 
popular recently due to its inherent suitability for switching-type devices and also 
its robustness property against matched uncertainties. 

The conventional SMC has been used for various power electronic converters, 
but it has certain drawbacks due to the practical limitation of switching. The 
imperfections in the switching device and also saturation nonlinearities result in 
steady-state error. Here, it is worth to mention that the tuning of controller 
parameter plays a very vital role for the steady-state and dynamic performance 
of the converter, particularly under load variations. Also, it has been observed that 
the power converters may become unstable due to the improper selection of tuning 
parameters. In case of classical SMC controller, there is only one tuning parameter 
that has to perform multiple tasks: (i) governing speed of response; (ii) compen- 
sating load variations. Hence, the choice for tuning parameter is restricted. 
Moreover, the tuning parameter is not adaptive under load variation condition in 
case of classical SMC which does not allow the Region Of Existence (ROE) where 
sliding mode exists to vary. 

It is a well-known concept among sliding mode fraternities that the integral 
sliding function eliminates the steady-state error. In this monograph, firstly pro- 
portional—integral type of function is proposed for the DC—DC Buck converters to 
overcome the drawback of the steady-state error. A detailed analysis of the Region 
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Of Existence (RoE), stability, and controller design with the proposed sliding 
function is presented. Further, it is also observed that with proper tuning of 
parameters RoE becomes less sensitive to load variations, and hence, the adaptive 
mechanism is proposed to improve the robustness of the controller. The perfor- 
mance of the proposed controller scheme is checked with simulation and experi- 
mentally under the load variation disturbances. Both the results are also compared 
with the classical SMC technique which reveals that the proposed scheme out- 
performs the conventional SMC techniques. 

It is noted that the proposed SMC with proportional—integral-type sliding 
function does not facilitate the finite reaching and hence the responses of the load 
voltage result in steady state exponentially. Hence, to facilitate finite-time reaching, 
the above strategy is modified a little bit with new integral sliding mode control 
with finite-time reaching (ISMCFTR). The control technique is further applied to 
DC-DC Boost converter where the controller parameters are tuned adaptively. It is 
observed from the responses that the load disturbance rejection is faster with 
ISMCFTR as compared to conventional SMC. 

Further, this monograph proposes SMC controller with PlI-type sliding surface 
for the Zeta converter which is noninverting-type Buck—Boost converter. Here, the 
limitation is in the choice of sliding surface, and hence, type control law is proposed 
to improve the steady-state performance. 

Until now, only the DC—DC converters have been discussed. However, the 
DC-AC converters are of interest in this age of battery-operated systems. From 
domestic low-power to luxurious high-power/medical/industrial applications, the 
Boost DC-AC converters or very well known as inverters are the heart of many 
types of equipment and need careful technical design. Control of voltage and/or 
frequency of the AC signal is of major interest, and such inverters are well known 
as variable-voltage variable-frequency (VV VF) inverters. The inverters may or may 
not require precise controllers depending upon the requirements of the systems. It is 
preferable to use a well-designed control strategy to avoid disturbance effects due to 
supply-side or load-side variations. Here, an attempt is made to design SMC 
controller for the inverter to improve the performance under load variation 
condition. 

For the applications involving use of DC-AC or AC-—DC converters, it is 
desirable that the input power factor must be controlled to an optimum value, i.e. 
close to unity. For many DC power supplies, the input power factor is of interest as 
it is the direct measure of the overall efficiency. It is possible to control the power 
factor at the supply side so that the supply current and voltage may remain in phase 
and one can assure unity or optimum power factor. Of course, this requires extra 
efforts and sometimes may cause switching losses. The converter suitable for power 
factor control is Boost power factor controller (Boost PFC). In this monograph, a 
design methodology using SMC technique for PFC is presented. The simulation 
results show the efficacy of the algorithm. 

It may be noted that various SMC techniques are available in the wide variety 
of the literature for PECs. However, the main drawback of SMC is chattering which 
is unavoidable phenomena, and it deteriorates the performance of the switching 
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PECs. Among all the available chattering attenuation techniques, the higher-order 
sliding mode technique has become more popular. In this monograph, a design 
methodology of second-order sliding mode control for DC—DC Buck converter is 
explored. The bounds for the controller tuning parameters are obtained, and sta- 
bility conditions are inferred. Moreover, the implementation guidelines are also 
presented for practical implementation. Finally, the simulation and experimental 
results are presented to show the efficacy of the converter. 
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Chapter 1 @) 
Introduction eects 


1.1 Background 


The sliding mode control (SMC) technique also known as variable structure system 
(VSS) has its roots in Soviet Union. However, it was not revealed to the world until 
Itkis [10] published a book and a research article by Utkin [30] in IEEE transac- 
tions. Many researchers [3, 4, 6, 7, 21] in Soviet Union and France [9] have worked 
enough and provided the strong background for the evolvement of the SMC tech- 
nique. The SMC was derived from the relay feedback control technique. The most 
significant factors of SMC technique are reaching mode (RM), sliding mode (SM), 
and steady-state mode (SS). The terms have very specific meanings. Starting from 
the initial condition, the phase trajectory is attracted to the sliding manifold during 
the RM. Once the phase trajectory hits the manifold, it slides toward the origin of 
the phase plane called SM. Then the phase trajectory stays at the origin and steady 
state is achieved. The whole exercise of designing SMC law requires a fairly good 
mathematical model of the system. The switching component in SMC law is desired 
in most of the cases to ensure the phase trajectory does not leave the sliding man- 
ifold and thus it reaches origin. Once the trajectory reaches to sliding phase, the 
system dynamics are governed by the surface dynamics and hence the system is 
immune to matched uncertainties. However, the switching component in the control 
law induces high-frequency chattering and hence its application to the real system is 
a bit challenging. 

The SMC technique is applied to a wide class of systems like linear time-invariant, 
linear time-variant, nonlinear, delayed systems, in the domain of electrical system, 
mechanical system, etc. Power electronics being a specific domain in power engineer- 
ing also make use of SMC technique. In the literature, majority of power electronic 
converters (PEC) are controlled with PWM-based PI or PID controllers. However, 
SMC for many PEC like Buck, Boost converters and rectifiers proposed by Utkin [31, 
32] in his book in 1999. Since then many researchers have contributed in the field. 
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Being discontinuous in nature, SMC is inherently suitable to switching PEC due to 
the involvement switching action in converter circuit. The increasing usage of robotic 
and other mobile electrical-electronic systems imposed the great demand for stable 
and well-controlled PEC. These type of systems frequently exposed to changes in 
electrical load, supply-side variations, and parameter variations. The SMC can be the 
choice as it can provide robustness against the same. As stated earlier, the SMC can 
provide robustness for the matched uncertainties or disturbances in the input channel 
of the system. The increasing usage of robotic and other mobile electrical-electronic 
systems imposed the great demand for stable and well-controlled PEC. These type 
of systems frequently exposed to changes in electrical load, supply-side variations, 
and parameter variations. Hence, the choice of SMC is justified for the control of 
various switching PEC. 

Although it is not always easy to design a good control systems with classical 
techniques [1, 22], some tools are available for design and those are some professional 
software tools [14, 34]. There are many types of analog compensators available 
named as Type I, II, and IJ compensators [1, 8, 23]. 

The modeling of PEC and control techniques is discussed in the wide variety 
of books and research articles [1, 24, 31]. In [16], they proposed a general unified 
approach to modeling for PECs. The modeling, control, and detailed analysis of 
various PECs can be also be found in [24]. With various methodologies, variety of 
control algorithms have been implemented. One of the main tasks of the controller 
is to control the load voltage of converter. In [25], they have presented a large- 
signal nonlinear control technique (One Cycle Control) which dynamically controls 
the duty ratio of a switch such that in each cycle the average value of controlled 
variable is proportional to the reference. The technique is good at rejecting source 
power perturbations, but effects of load disturbances are excluded. With the frequency 
domain controller design approach, the voltage regulation of pulse-width modulation 
(PWM)-based DC-DC switching converter is discussed [13]. The small signal model 
of the converter is used. The SMC turned out to be a popular control technique in 
the field of power electronics after Utkin [32] discussed about its applications to 
various PECs. In many cases, SMC is applied to the various power electronic and 
electromechanical systems [5, 32]. The fundamentals of SMC can be found in [15]. 
The design, analysis, and experimentation of DC—AC Boost with SMC is presented in 
Caceres and Barbi [2]. A good graphical and analytical explanation for DC-DC PEC 
under SMC is available in [26]. In the article [12], they proposed fixed-frequency 
hysteresis controller (FFHC). This controller uses SMC and FFHC with hysteresis 
band. In [20, 33], they have described SMC-based technique for control of PECs. In 
2012, Hasan [11] suggested the adaptive terminal SMC for DC—DC Buck converter 
with nonlinear sliding surface. This control law assures finite-time reaching. The 
effect of load variation is examined for the converter under the proposed control 
strategy. 

Tan [27-29] proposed a sliding mode control with hybrid modeling for different 
PECs. The existence conditions for sliding modes are also derived, and the term 
Region of Existence (ROE) is coined. It is also identified that the higher values 
of controller parameters can lead to sustained oscillations especially for PEC with 
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high-power applications [17]. Moreover, the conventional SMC for PEC results in 
steady-state error in load voltage for a given reference. Also, the ROE is not fixed 
on the phase plane and in fact varies according to the load disturbances. For that Tan 
[29] suggested adaptive tuning but it required the measurement of load current. For 
steady-state error elimination, a double-integral sliding surface is suggested. In [18], 
they proposed modified SMC controller for improving steady-state performance. 
However, chattering alleviation is still a challenge. In general, steady-state error and 
chattering attenuation need more attention from the research fraternity. 

With this background, this monograph focuses on minimizing the steady-state 
error in controlled variable and improving robustness of PEC with modified sliding 
function. Some PECs like Buck, Boost, and Buck Boost (Zeta converter) are tested 
with the proposed SMC law with PI-type sliding function. The proposed SMC proved 
to be better in elimination of steady-state error. The ROE and robustness against load 
disturbances are also examined. The need for adaptive tuning due to load requirement 
no longer exists with this proposed SMC, and hence, no additional measurement of 
load current is required. It is also proved that the proposed SMC leads to minimization 
of steady-state error. The detailed analysis for stability and switching frequency is 
presented. Moreover, some efforts are also put to use latest techniques like HOSMC- 
second-order SMC (2-sliding mode control) to attenuate chattering in controlled 
variable of PEC [19]. The overall research effort is to improve the tracking response 
of various PECs like Buck, Boost, Zeta, DC-AC inverters, and power factor controller 
(PFC) with the SMC. The main contributions of this monograph are summarized as 
below: 


1.2 Contributions of the Monograph 


The main contributions of this monograph are indicated as below: 


1.2.1 Introduction to Sliding Mode Control and Review of 
Classical Control of Power Electronic Converters 


A literature review of classical state feedback and sliding mode control theory and 
power electronic converters is presented. The basics of sliding mode control strategy 
are discussed with suitable example. The state feedback control for DC-DC Buck 
converter is designed, and its efficacy is examined for load disturbances variations. 
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1.2.2. Sliding Mode Controller with PI-Type Sliding Function 
for DC-DC Buck Converter 


The SMC with a proportional—integral-type sliding function for Buck converter is 
proposed. The proofs of stability and zero steady-state error is presented. The sim- 
ulation and experimental results are presented. It is shown that the proposed SMC 
law for Buck converter results in better steady-state response of load voltage than 
conventional SMC for a given reference. The efficacy of the proposed SMC law 
is evaluated with load disturbances variations. The proposed SMC law provides 
robustness against load disturbances. Effects of variations in controller parameters 
explored. The discussion of stability, frequency limits of the switching device, and 
steady-state performance of the load voltage is presented. Moreover, to facilitate 
finite-time reaching the integral SMC with finite-time reaching (ISMCFTR) is pro- 
posed. With ISMCFTR, the load voltage is forced to be equal to reference voltage 
within finite time. The guidelines for tuning parameters of the ISMCFTR are given. 
Simulation results demonstrate the efficacy of the system under ISMCFTR. 


1.2.3 Sliding Mode Controller with PI-Type Sliding Function 
for DC-DC Boost Converter 


The proposed SMC with Pl-type sliding function is applied to DC—DC Boost or 
step-up converter. Here the adaptive mechanism is used to improve the performance 
of the converter in terms of load voltage quality in presence of load disturbances. 
The ROE is also defined for a proposed algorithm. It is shown with simulation results 
that the load disturbance rejection is quite faster with the proposed adaptive SMC 
law. 


1.2.4 Sliding Mode Controller with PI-Type Sliding Function 
for Zeta Converter 


The Zeta converter is a type of Buck Boost converter with noninverting output. It is 
complex fourth-order nonlinear (bilinear) system. The limitations here in designing 
the SMC are the choice of sliding manifold which is overcome by the proposed 
algorithm. The proposed SMC reduces the steady-state error in load voltage for a 
given reference. 
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1.2.5 Application of Sliding Mode Controller with PI-Type 
Sliding Function for Inverter and Power Factor 
Controller 


The idea of designing sine wave inverter with Zeta converter as a pre-stage is pro- 
posed. The performance is evaluated with proposed and compared with conventional 
SMC law. Further, power factor controller using DC—DC Boost converter with pro- 
posed SMC law is designed and the performance is compared with PWM/PI con- 
troller 


1.2.6 Output Feedback Second-Order Sliding Mode Control 
for DC-DC Buck Converter 


The main drawback of implementing classical SMC law is chattering which can be 
attenuated by second-order sliding mode control strategy. Here a design methodology 
for DC—DC Buck converter using SOSMC is presented which further extended to 
output feedback SOSMC law. The performance of Buck converter with SOSMC is 
evaluated and also compared with that of conventional SMC. For designing SOSMC 
for Buck converter, it is required to evaluate the bounds on the uncertainty. Further, 
the effects of the tuning parameters on load voltage are analyzed. It is proved through 
simulation and experimentally that the performance of Buck converter is superior 
with SOSMC as compared to the conventional SMC. 


1.2.7 Organization of the Monograph 


The monograph examines DC—DC Buck, Boost, and Zeta converters with the pro- 
posed modified SMC controller, and the performance is compared with conventional 
SMC law. The monograph also provides implementation guidelines for real appli- 
cations. Further, the monograph includes the modern SMC techniques known as 
higher-order SMC or 2-sliding mode control for the Buck converter which attenu- 
ates the chattering effects. 

The monograph is organized as under: 

This chapter provides the background and literature survey on sliding mode con- 
trol technique and controller design methodologies DC—DC converters. 

In Chap.2, the review of continuous-time SMC with its robustness property 
against the matched uncertainties is discussed. The model of DC—DC Buck converter 
and its AC equivalent model which is to be used for design purpose is discussed at 
length. To begin with controller design, first the classical approaches of designing 
compensator for the PEC are presented and also extended to state feedback controller. 
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Further, to elaborate the design principals, the guidelines for designing compensator 
are also presented. 

Chap. 3 discusses the design of SMC controller with proportional plus integral- 
type sliding function for DC—DC Buck converter. The simulation and experimental 
results are presented to show the efficacy of the controller. 

In Chap. 4, the proposed methodology of SMC with PI sliding function is extended 
for DC—DC Boost converter. Also the adaptive gain mechanism for tuning controller 
gain is proposed to make the algorithm adaptive to load variations. The efficacy of 
the control strategy is evaluated with simulation results. 

Chapters 5 and 6 present the design of Zeta converter with proposed SMC algo- 
rithm and its application to design sine wave inverter for low-power AC applications. 
Further, the performance of power factor controller using Zeta converter is also tested 
in simulation with PWM+PI and SMC law. 

Chapter7 presents the design of DC—DC Buck converter using 2-sliding mode 
controller. The comparison of load voltage responses with conventional SMC law 
and 2-sliding mode control law is presented. The implementation guidelines are also 
provided. The stability bounds of controller parameters are obtained. The simulation 
and experiment results are presented to show the efficacy of the controller. 

Finally, the conclusions of the entire research work are presented in Chap. 8 fol- 
lowed by the scope for future work. 
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Chapter 2 ®) 
Introduction to Sliding Mode Control cro 
of Power Electronic Converters 


2.1 Introduction 


Sliding mode control (SMC) has been of interest among research scientists and 
engineers since long. Its applicability to the wide variety of systems and its inherent 
robustness to input disturbances are the major causes to make it one of the most 
powerful control strategies. The SMC is a consequence of discontinuous control 
which was the subject of interest for many engineers of France [10] and USSR 
[11, 19]. Basically, they were analyzing the problem of oscillations in bang—bang 
control systems. The first studies concerned with the analysis of oscillations in bang— 
bang control; later on, it turned rapidly to the synthesis problem in different ways. 
One of the ways was time optimal control, and the other deals with robustness and 
linearization. The objective of both the approaches was quite different. However, 
they resulted to have much in common. 

In the beginning of 1960s, the first fundamental SMC law was discovered. Before 
that, many control engineers were looking for the control law which could provide 
robustness to variations in system parameters for military and aeronautical applica- 
tions. In 1962, B. Hamel’s idea was the first due to which the studies of nonlinear 
controllers were initiated. 

In the mid of the twentieth century, some Russian scientists [6, 7, 16] have come up 
with a new dimension in the field of control systems engineering popularly known as 
sliding mode control or variable structure control. Many researchers have contributed 
in the field [3, 20] and carried out experiments using sliding mode control for real- 
world complex applications. The SMC laws presented two different aspects: 


e Astute combinations of linear and nonlinear signals which provide pseudo-linear 
control. 
e They generate sliding motion through switching actions or commutations. 


Consider the case of double integrator. The transfer function of the system is given 
by, 
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Fig. 2.1 Trajectories in the 
phase plane 


2 
= (2.1) 


y(s)_ a 
u(s) —s? 

Where y denotes the output and wu is the control effort or input to the system. Let the 
states be defined as 


Xx) = xX (2.2) 
w= au. (2.3) 


Also, note that y = x;. Let the control law u be defined by the following equation. 
u = —|x;|sgn(x, + @x2) (2.4) 


In Eq. (2.4), the term x; + ax, = S' is the switching function or sliding function or 
sliding surface. The control law commutes while crossing the line S = 0. In Fig. 2.1, 
the phase trajectories are shown under the SMC law. There are four regions in the 
phase plane named as I, I, HI, and IV. 

In the regions II and IV, the condition x;sgn(S) < 0 is satisfied and the phase 
trajectories are hyperbolas with asymptotes x. = tax,. While in the regions I and 
II, the condition x;sgn(S) > 0 is satisfied and the phase trajectories are ellipses with 
the equation, 


a’x,> + x,” = constant. (2.5) 


With a > 0, it can be assured that the phase trajectories will hit the sliding function 
and thereby the sliding motion over the sliding hyperplane will occur leading the 
trajectories toward the origin of the phase plane. This fact can be visualized in 
Fig. 2.1. Basically, during the ideal sliding motion where S' = 0, the relation between 
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the states is x) = — = and hence the condition x,x; < 0 is established. This states that 
the positive-definite function L = = is minimized which leads to the state regulation. 
However, it cannot be always the case that the sliding motion occurs at the first hit 
of the phase trajectory to the sliding surface. As, for example, it can be easily seen 


that if the control law is defined as 


u = —sgn(S) (2.6) 


then the sliding motion occurs if the condition |x| < aa? is satisfied. This fact can 
be derived by observing the time derivative of the energy function of the sliding 
hyperplane (5) to be negative; i.e., S S < Ois satisfied. This condition is known as 
reaching condition. 

It is interesting to note that the system of Eqs. (2.4) and (2.5) has solution if u is 
Lipschitz [2] and so continuous. Hence, the classical theory of ordinary differential 
equations is no longer useful. The SMC in a broader view deals with the differential 
equations with the discontinuous right-hand side [2, 8]. In the following section, the 
design of continuous-time SMC for linear time-invariant system is presented. 


2.2 Sliding Mode Control Technique 


Vadim Utkin in 1978 [20] and in 1999 [21] published their popular work in which 
SMC for PECs is the main focus. In 1999, Sarah et al. [5] also published their popular 
book. Recent work in SMC may be found in [9, 12, 18]. 

Let a linear time-invariant (LTI) continuous-time system be defined as, 


x = Ax+ Bu, (2.7) 
y= Cx + Du, (2.8) 


where matrices A € R"*”, B € R"™",C € R'*", D € R'*”, and x € R" is the state 
vector, y € R! is the system output, and u € R” is the input to the system. The system 
in Eq. (2.2) can be rewritten as, 


xy ayy ay2 | | x1 By 
_ |= “Ff U. 2.9 
Piers) aes as 
The above equation can be converted to a regular form [5, 11, 21] by linear 
transformation matrix M such that, 


q = Oq+ Hu. (2.10) 
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yr . Now, let 


Where g = Mx, x = [x, x2 qi fel ite 


= ToO= 
q=I(n al',Q EB i 7A 
us assume that there exist sliding mode control law u which forces the phase trajectory 


to slide on the hyperplane S on a phase plane for a > 0, wER given by, 
S=aq+q. = Pq (2.11) 


where P= [a l1],a>0,a eR. 
Now, setting S = O in Eq. (2.11) and considering Eq. (2.10) the following result 
is achieved. 
i = (qu — 912@)q1 (2.12) 


There exists a for which Eq. (2.12) can have the stable dynamics. As explained 
in Chap. 1, there are three modes in the sliding mode control namely reaching mode 
(RM), sliding mode (SM), and steady-state mode (SS) [15]. In RM, the phase tra- 
jectory is attracted to the sliding hyperplane S. During the SM, the phase trajectory 
slides on the sliding surface toward the origin of the phase plane. And the states are 
forced to remain at the origin during SSM [17, 18]. Let the Lyapunov Function [14] 
V to be, 


V=SS (2.13) 
Naturally, the minimization of V is possible if the following condition, 
55 <0 (2.14) 


is satisfied. Equation (2.14) is known as reachability condition which guarantees 
the RM. It can be achieved if there is a definite relationship between S and its time 
derivative S. One way to achieve it is to use a signum function [15, 21]. The following 
relationship 


S = —nsgn(S) (2.15) 


can be the choice. Here, in the above equation 7) is a positive scalar. 
With this background and setting S = 0, one can now derive the control law using 
Eqs. (2.10), (2.11), and (2.15) as, 
S= —nsgn(S) = PQq + PHu, 
u = —(PH)'[PQq + nsgn(S)I, (2.16) 


provided that matrix (PZ) is invertible. Note that the SMC involves the switching 
function and may cause chattering in the controlled variable. However, this may 
be considered as the drawback of the control technique, the system under SMC is 
insensitive to the matched uncertainties, i.e., disturbances in the input channel. In 
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the following section, the invariance of SMC technique for matched uncertainty is 
proved. 


2.2.1 Invariance Property of Sliding Mode Control 
for Matched Uncertainties 


It is interesting to prove that the performance of a system under SMC remains insen- 
sitive to matched uncertainties [4, 21]. Consider the system of Eq. (2.2) to be in 
regular form and the sliding surface to be, 


S = Px. (2.17) 


Now, the expression for the equivalent control effort u can be found by setting S=0, 
and considering Eq. (2.2), 
Px =0, 
u = —(PB)~'PAx. (2.18) 


If there exists some matched disturbance to the system of and in the presence of 
disturbance h, the system equation can be rewritten as, 


x= Ax+ Bu+h. (2.19) 


Due to the presence of h and setting S = 0, the controller effort u of Eq. (2.18) now 
becomes, 
u = —(PB)~!P[Ax + Al. (2.20) 


Substituting the u of Eq. (2.20), the closed-loop dynamics of the system can now be 
written as, 
& = Ax — B[(PB)'P(Ax +h)] +h. (2.21) 
By arranging the terms in Eq. (2.21), one can get, 
x = (Ax — B(PB)~|PAx) + (I — B(PB)~'P)h (2.22) 
It is clear form Eq. (2.22) that the term (J — B(PB)~'P)h becomes zero if h is a 


matched uncertainty or matched disturbance; i.e., there exists a 6 such that h = Bo. 
This proves the invariance of SMC for matched uncertainties. 
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2.2.2 Review of Conventional Control for Power Electronic 
Converters 


There are many control strategies available in the wide variety of literature. Among 
them the pulse width modulation (PWM)-based control strategy is quite common. 
However, the analysis is quite complex. As proved in previous sections, the sliding 
mode control (SMC) is robust for matched disturbances. Moreover, SMC is a switch- 
ing control and hence inherently suitable for switching power converters. The analog 
implementation of PWM may be sensitive to noise. Digital implementation is pre- 
ferred in many cases but they too require programming. The PWM-based control can 
be affected due to overmodulation and undermodulation. Implementation of SMC 
is quite straightforward compared to PID/PWM-based control strategy. However, 
many researchers have carried theoretical and experimental research works for the 
domain; few of them have preferred SMC technique for power converters. As the 
SMC is now tested for many switching power converters, the challenging issues are 
the elimination of steady-state error and chattering alleviation. For that, higher-order 
SMC may be the choice. With this background, one can imagine the importance of 
SMC for the power converters. The next sections discuss about modeling and state 
feedback control for DC-DC Buck converter. 


2.3 Conventional State Feedback Control for Power 
Electronic Converters 


This section focuses on the modeling and control of DC—DC Buck converter. The state 
feedback control is used. First, let us now discuss the state-space average modeling 
[13] for a DC-DC Buck converter. 

Figure 2.2 shows the Buck converter with state feedback controller [14] with the 
convenient notations where dynamical equations are defined as, 


xX, = ip (2.23) 
Xo = Vp. (2.24) 


The state-space model of the Buck converter when switch is opened, 1.e., SW is | or 
‘ON’, can be described as [1], 


we = | male (2.25) 
A lk eat 


For the period of time when the switch is closed, i.e., SW is 0 or ‘OFF’, the model 
can be described as, 
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xy _ 0 -t XxX 0 
eJ=[o =e |[e]+[p fe (2.26) 


If the duty cycle of the pulse width modulated (PWM) signal is p and if W is the 
cycle time, the switch on and off time are to be represented as pW and (1 — p)W, 
respectively. In such a case, the state-space averaged model can be represented as [1], 


x] | 0 = x1 i 
eeCaEbEle = 


If * denotes a perturbation in a variable, the small signal or AC model for the 
state-space averaged model of Eq. (2.27) can be obtained as, 


xy _ 0 = & t i i ~ 
ACE 


Here, x represents the duty cycle of the converter in open loop, i.e., the nominal value 
of the duty cycle and # is the perturbation in the duty cycle. This can be interpreted 
as the relation 9 = x + /. It is reasonable to assume that the E is fairly smooth and 
hence perturbation in E, i.e., E=0. Then, Eq. (2.28) can be written as, 


$= AR+ BP, (2.29) 


where 


E 
Te 
0 : (2.30) 


A 


X Von. If we use state feedback as shown in 


Now perturbation in x, ie., 6 = 7 


Fig. 2.2, ; 
Veon = —Ki. (2.31) 

So, 
$=A4+B (- a Ks) (2.32) 
t=-(A-—B = K) i (2.33) 


The small signal ac equivalent model of the Buck converter or any converter describes 
the dynamics around the operating point. The state feedback in this case provides 
improved stability for the operating point conditions. The feedback can provide 
considerably better response of the system (which is output voltage in this case) 
for small variations in the parameters of the system when compared to the system 
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Fig. 2.2. State feedback control scheme for Buck converter 


Table 2.1 Parameters for state feedback control for DC-DC Buck Converter 


Symbol Description Value 

L Inductance 1.33 mH 

Cc Capacitance 94 WF 

E DC supply voltage 24V 

R Load resistance 40r2.8Q 
Initial capacitor voltage OV 

x Nominal duty cycle 0.3 

WwW Time cycle (PWM) 0.000005 

Vref Reference for x2 6.8 V 

Lef Reference for x, Veet A 

Load disturbance at 0.5s 4 to 2.82 

Ki Feedback gain —0.36558 

Ko Feedback gain —0.2020 

Veon Control voltage for PWM 3V 


without feedback. The state feedback gain K = [K; Kz] can be obtained by pole 
placement method [14]. However, the desired closed-loop poles are required which 
are to be set. The simulation parameters are set as per Table 2.1. The simulation 
results are shown in Figs. 2.3 and 2.4. 

During the simulation, the load disturbance in the load resistance is introduced 
at 0.5s. The load varies from 4 to 2.8. The output voltage and inductor current 
are shown in Fig.2.3. The set voltage is 6.8 V in case of closed-loop mode. The 
open-loop responses are quite noisy and less smooth than those with feedback. Also, 
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Fig. 2.3. Load voltage and inductor current in open loop and closed loop 
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Fig. 2.4 Load voltage and inductor current in open loop and closed loop (scaled view of Fig. 2.3) 


it is observed that the voltage and current follow the references quite satisfactory. 
The load disturbance at 0.5 is apparently visible in the responses. Figure 2.4 is the 
scale magnified view; Fig.2.3 facilitates the better view of the responses during the 
load disturbance. 
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2.4 Summary 


In this chapter, the basics of SMC is discussed. Also, it is shown that the technique 
provides robustness against the matched or input disturbances. Along with that, the 
modeling of a DC-DC Buck converter with model averaging technique is presented. 
The AC analysis or small signal AC model of the converter is presented. Also, the 
guidelines for designing the controller to achieve the desired responses with PWM 
are outlined with suitable examples and with simulation results. The next chapter 
introduces the proposed modified SMC technique for DC—DC Buck converters which 
may be preferable over conventional SMC as it provides good steady-state responses 
of load voltage and better performance in the presence of load disturbances. 
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Chapter 3 M®) 
Sliding Mode Controller with PI-Type ra 
Sliding Function for DC-DC Buck 

Converter 


3.1 Introduction 


The Buck converter is the most popular in industry due to its high efficiency and 
simplicity which emanates from its linear and minimum phase type by nature. Also 
known as step-down converter, a Buck converter finds its applications for majority 
of electronics devices including power supplies for computers. Buck converters and 
other power electronic converters (PECs) functioning in closed-loop control mode are 
the demand of many industrial and domestic applications like instrumentation sys- 
tems, AC—DC drives, telecommunications, and renewable energy systems. Most of 
the electronic devices demand stable and controlled power supply for better dynamic 
and steady-state performance. Although pulse-width modulation (PWM) technique- 
based controllers are already in action since long, the sliding mode control (SMC) 
enters with a new dimension in the field of control systems for PEC. The modeling 
and control techniques for PEC are available in the wide variety of literature [1, 7]. 

In this chapter, the design of sliding mode controller with proportional-—integral- 
type sliding function for DC—DC Buck converter is presented. The converter with 
conventional sliding mode controller results in a steady-state error in load voltage. 
The proposed modified sliding function improves the steady-state and dynamic per- 
formance of the converter and facilitates better choices of controller tuning param- 
eters. The conditions for the existence of sliding modes for the control scheme are 
derived. The stability of the closed-loop system with proposed sliding mode con- 
trol is proved, and the improvement in steady-state performance is exemplified. The 
idea of adaptive tuning for the proposed controller to compensate load variations is 
outlined. The comparative study of conventional and proposed control strategy is 
presented. The efficacy of the proposed strategy is endowed by the simulation and 
experimental results. Although the PID-type sliding surface is discussed in the liter- 
ature [3], the proof of zero steady-state error and switching frequency analysis is not 
presented. Only simulation results were presented. Moreover, in the later sections 
of this chapter the integral SMC with finite-time reaching (ISMCFTR) is proposed. 
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With the ISMCFTR, the load voltage of the Buck converter approaches reference 
value in finite time. The conditions of existence of SM are obtained. 


3.2 Mathematical Modeling 


A sliding mode voltage controlled (SMVC) DC—DC Buck converter model is derived 
using state-space approach [6]. A mathematical model of DC-DC Buck converter in 
open loop can be derived using basic circuit analysis laws. The converter is with the 
pure resistive load and its output voltage is to be controlled with SMC as shown in the 
Fig. 3.1. The converter is assumed to be operated in continuous current conduction 
mode [4]. Let 6 = Rake be the voltage divider ratio. The values or R; and R are 
very high compared to the load resistor to avoid loading effect. If V,. is a reference 
voltage, V,, = BVier is the scaled down version of reference voltage. L is an inductor, 
C is a capacitor, D is the free-wheeling diode, V, is the output or load voltage, V; 
is the input voltage, and r; is the load resistance. The SW is a n channel MOSFET 
switch turned ON or OFF with the output of SM controller which is in the form of 
pulses. Noting that vu = 1 means SW is closed and u = 0 means SW is open, the 
state-space model of the electrical system can be derived by defining the states as 
follows: 


x, = Vz — BVo, (3.1) 


x» = ih. (3.2) 


From Eq. (3.2), 


Fig. 3.1. DC—DC Buck 
converter with SMC 
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give B. 
oo =-—ic, 
. dt e- 


where ic is the capacitor current which can be measured as shown in Fig. 3.1. Let iz 
and i, be the inductor current and load current, respectively. The equation for x2 can 
be rewritten as, 


ee Elis ei: (3.3) 


Let the voltage drop across inductor v;, given by, 


di 

vp = (uV; — Vo) =L—. 
é uV; — Vo 

=—~> .-/— = dt. 


So, Eq. (3.3) can be rewritten as, 


Gaee (= [Ae *a). (3.4) 


Hence, 
1 1 V; V, 
X= x] Xp p wp. 
LC rpC LC LC 


(3.5) 


From Egs.(3.2) and (3.5), the state-space model of Buck converter system is 


obtained as, 
i 0 1 0 0 
Pe f=[ bf] mw |u| v |. (3.6) 
x2 Te ~7,c1L% TC IC 


3.2.1 Sliding Mode Control for DC-DC Buck Converter 


Let the sliding function S which establishes linear relationship among states be 
defined as, 

S = ax; +x = Px, (3.7) 
where P = [a, 1], state vector x = [x1, x2], a is a scalar, a > 0, and it controls the 
first-order dynamics of Eq. (3.7). By reducing the value of a, one can slow down the 
reaching mode dynamics. It is known that sliding mode control occurs if the reaching 
condition 
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SS <0, (3.8) 


is satisfied [2, 7]. The sliding mode control law can be defined as per the following 
rule: 

1=ON, S>0 

=| - (3.9) 


O0=OFF, S <0 


The control law in Eq. (3.9) will trigger the switching across the sliding manifold 
S. The switching device has operating frequency limitations, and hence, for practical 
implementation the following control law is preferred: 
1=ON, S 
u = see (3.10) 
O=OFF, S <-é 


where ¢ is a small positive number. Control law in Eq. (3.10) can reduce the severity 
of chattering by limiting chattering frequency, and hence, it is feasible for the imple- 
mentation. The existence of sliding modes requires the following two conditions to 
be satisfied [1]. From Eqs. (3.6), (3.7), (3.8), and (3.9), 


1 1 V, — BV; 
Bi = S 0, 3.11 
1 (« =) x2 Lo! + LC =< ( ) 
1 1 V 
Bn = ’>0. 3.12 
2 (« —z)* tet t+ic? (3.12) 


G,=Px for0<S <e 
G.=Px for -e<S <0 
The region of existence (ROE) of sliding modes on the phase plane is the region 
where condition SS < 0 is satisfied. From Eqs. (3.11) and (3.12), the ROE is deter- 
mined by the three lines Gi= = = 0, G,=0, ane S=0 si the phase plane. It can be 


Where 


rl ra 
the slopes of lines G; = 0 and oe =0 change due to aration in rz. This imposes 


a limitation on the dynamic behavior of the system as @ determines the speed of 
response. The choice of @ is important due to the first-order dynamics which are 
given by, 

n= rajexp (3.13) 


where x; (fo) is the initial state at time fo. The choice of a is important for the speed 
of response of states and allowing the maximum possible ROE on the phase plane. 
To meet the requirements, a = ae is chosen [6]. This restricts the selection of a as 
it governs the first-order dynamics of Eq. (3.13). If it may be possible to introduce 
one more tuning parameter that can compensate the load variation, the goal can be 
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achieved. The next section discusses the use of modified sliding function so that 
restriction in the selection of a is eliminated and better responses with load variation 
compensation is achieved through additional tuning parameter. The proposed sliding 
function in the next section not only eliminates the restriction in the choice of a but 
also gives better performance. 


3.3 Proposed PI-Type Sliding Function 
Let a proportional—integral-type function of sliding function be defined as, 
t 
T=S+ yf Sdt, (3.14) 
0 


where y > 0 is a scalar. Here, the integral term is used to achieve better steady- 
state performance of the load voltage under closed-loop control. This fact can be 
visualized from the following equations. 

Taking Laplace transformation of Eq. (3.7), 


S(s) _ 


xi(s) 


sta (3.15) 


Similarly taking Laplace Transformation of Eq. (3.14) and from above equation, 


T(s) _ T(s) S(s) | (sta)(s+y) 
xi(s)— S(s) x1(s) s 


(3.16) 


Obviously, the above equation has proportional—integral—derivative (PID) controller 
type of characteristics. It is well known that increasing the order of the controller can 
lead to better performance. However, in this case smooth operation is not possible 
due to the presence of switch and hence we have to switch around T = 0 as per the 
following rule. 


_fi=on, T>0 


"= )0=O0FF, T<0' 


(3.17) 


Equation (3.17) can also be stated as, 


u= sll + sent). (3.18) 


Switching across T = 0 yields the following important result. Setting T = 0 in 
Eq. 3.14, 


t 
S= -y f Sdt. (3.19) 
0 
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This is equivalent to, : 
S=-ys. (3.20) 


Which leads to minimization of S. 
The existence of sliding modes is possible on the phase plane if the following two 
conditions are satisfied. 


lim T <0 (3.21) 
T—>O0+ 
lim T>0 (3.22) 
T>0- 


In the following theorem, it is proved that the reaching mode (RM) does occur by 
switching across T = 0. In RM, the phase trajectory hits the hyperplane S = 0 and 
then sliding mode (SM) occurs. 


Theorem 3.1 The switching across modified sliding function T leads the phase 
trajectory to reach to T, S = 0 manifold in finite time, and then to minimization of 
T, S; i.e., sliding mode occurs if the condition TT < 0 is satisfied. 


Proof If y is integral gain and T > 0, then T < 0, 
>S+yS <0 

sS< -yS 

=> SS < —yS? 

=> 2g”) < -yS? 

=> S*(t) < 287 (to)expl 77-0), 


where fg is the initial time and y > 0. The above condition is important as it states 
that the S? must be decreasing any time if the sliding function T assumes positive 
value. Similarly, S* must be increasing if T assumes negative value. Once the phase 
trajectory hits the sliding manifold in the ROE, where TT < Oissatisfied, the sliding 
mode, SM [2], occurs and stability prevails. 

The following subsection will be helpful to study the situation for which the 
reaching condition, TT < 0, is satisfied and to find the ROE. The ROE is the region 
on the phase plane for which the reaching condition is valid. 


3.3.1 Analysis of ROE and Stability 


To evaluate ROE on the phase plane, consider S$ +yS <0 which can be simplified 
as, 
ax; +42 + yax; + yx. < 0. 
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Now from the above equation and Eq. (3.6), with u = 1, 
=P : oF : 
ax -= —— }|x 
7 LC : r 1C ‘ 


4 (Ae Vii 


Le ) + yax; + yx < 0. 


1 1 
A, = an yaa 
=> Ay (< He + r) Xa+ (ev val 


+(%) , (%4) 7 (3.23) 
LC LC 
Similarly, considering u = 0 for T < 0 we may write, 
Hy = («- a ty)x+ (ev = vale 
riC LC (3.24) 


Vu 

+ (7) > 0. 

It can be seen from Eqs. (3.23) and (3.24) that the ROE is determined with lines 

H = 0, Hz = 0, and S = 0 on the phase plane [5]. It may be noticed that the dy- 

namics of system states and the ROE on the phase plane can be determined with 

two independent parameters aw and y, respectively. By selecting y = s., the ROE 

on phase plane is insensitive to load variations. However, it should be noted that the 

higher values of a can lead to sustained oscillations or peak overshoots/undershoots 

in the load voltage [6]. Hence, the values of a and or y must be low enough to pre- 

vent oscillations or overshoots in the load voltage. Selecting a as high as possible, 

faster dynamics can be achieved. The parameter y can be adaptively tuned as per 

the changes in the load resistance. Practically, this is possible with the following 
relationship: 


i. & 
r.C—*V~C 


Yr 


where i, is the load current. Hence, the setup for adaptive control requires the mea- 
surement of load current. Note that due to variations in the load resistance, the ROE 
on the phase plane does not vary. 

The more practical way to fix the ROE on the phase plane, and which is indepen- 
dent on load variation, is to select a, y very high compared to ia in Eqs. (3.23) and 
(3.24). 
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3.3.2. The Switching Frequency and Steady-State 
Performance 


3.3.2.1 Switching Frequency 


It is obvious that the switching frequency is finite, and hence, the selection of the 
switching element should be carefully done. For that, firstly the permissible switching 
frequency should be determined. Let the dead zone in the switching element be 
represented by a small positive number ¢. Then, the switching across T can be 
viewed as per Fig. 3.2. 

Now, for the time period Woy, we get, 


ON 2 . 
and, 


Here, T+ and T~ denotes T > 0 and T < 0, respectively. 

Considering that the systems states variations as low amplitude AC signal during 
sliding modes, one can write the following set of equations during Woy and Worr. 
Considering this fact and Eqs. (3.6), (3.17), from Eqs. (3.21) to (3.24) we get, 


=e 


=-£ 


u=0 


Fig. 3.2. Switching in sliding function with dead zone 
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_ (_BY\ , (Vu 
a ( a) + (7) (3.27) 
and, 
w+ ( Vu 
T'= (7) F (3.28) 


From Eqs. (3.25), (3.26) to (3.27), (3.28), one can derive the expressions for Wow 
and Worr as follows: 


Woy = 2eLC (3.29) 
ON BV + Vy) 
2eLC 
Worr = (3.30) 
Vu 
Now, the switching frequency f, is given by, 
fs = (3.31) 
“Won + Worr 
From Egs. (3.29) to (3.31), the switching frequency can be given by, 
Vi — BVA, 
fs ee (3.32) 


~ 2eLC[2V, — BV;] 


Defining w= i and considering the fact that V,, = BV,.r, Eq. (3.32) can be 
rewritten as, 
(Vref _ Vi)B w? 


= Vier 3.33 
” 26(2Vrep — Vi) 7 


fs 


Note that the switching frequency is inversely proportional to the size of the dead zone 
in the switching element ¢ and it depends on other systems parameters as mentioned 
in Eq. (3.33). 


3.3.2.2 Steady-State Performance 


Exact analysis of steady-state error is complicated due to the presence of switching 
element. However, in this section it is tried to evaluate mathematically the perfor- 
mance of proposed control law in terms of steady-state performance. It is reasonable 
to assume V as the uniform neighborhood of S, which is a set of all the numbers in 
S those are very small in magnitude such that, 
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S, =(JB-(P), 


pes 


B,(p) = {x € S|d(x, p) <r}. 


For p = 0 and r is the center and radius of an open ball, from the above equations 
one can immediately notice that for any point 6 € S, from Eqs. (3.1), (3.2), and (3.7), 
one can write, 


6=ax,+x). (3.34) 


Taking the Laplace transformation and rearranging the terms, one can write the 
expression of x; (s) which is the x; in so-called s-domain, and s is the Laplace operator 
as per the following equation. 


6 x1 (0) 


me) sista) sta’ 


(3.35) 


where x; (0) is the initial condition of the state. It is now obvious that the final value 
of the state x; (t) can be obtained by the final value theorem as, 


6 
lim x,(t) = lim s(x;(s)) = — (3.36) 
t> 00 s>0 a 


It is very clear from Eq. (3.36) that the state x; (t) is not forced to zero; instead, the 
higher values of alpha can help to achieve the goal of minimizing the steady-state 
error. But it is not feasible to achieve zero steady-state error. 

Now, repeating the same procedure as above and assuming the value of T to be 6 
and one can rewrite Eq. (3.14) as, 


t 
ae yf Sdt, (3.37) 
0 
t 
6 =ax, +x, + yf (ax, + x))dt. (3.38) 
0 


Rearranging the terms and finding out the expression for x;(s), it can be written, 


_ 6 + x,(0)s 
x1(s) = Peeve (3.39) 


Hence, in case of Eq. (3.40), 


iim x(t) = lim 5(x,(s)) = 0. (3.40) 
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Load voltage and Reference in volts 


Load voltage and Reference in volts 


Fig. 3.3 Simulation results for a = 600 in a and a = 600, y = 3.3 in b. Load disturbance from 


L. — Load voltage |. 4 
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L | a L L i | i 
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Time in seconds 
(a) Conventional SMC 
— Load voltage 
~~ Reference 
i i i i ti 
0 5. 1 1S 2 25 a9 4 45 5 


Time in seconds 
(b) Proposed SMC 


100 to 32 Q at 2.5s and reference voltage = 12.5 V 


Table 3.1 Parameter settings for the system in Fig. 3.1 


Symbol Description Value 

L Inductance 0.6 mH 

Cc Capacitance 100 LF 

B Voltage divider ratio 0.128 

V Supply voltage 24V 

Vref Reference voltage 19.5 or 12 V 

TL Load resistance 100Q 
Initial capacitor voltage OV 

€ Dead zone in switching element 0.001 
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It is now clear that the proposed sliding function based SMC technique leads to zero 
steady-state error. But the conventional sliding function based SMC technique failed 
to eliminate the steady state error. This fact can be observed in the Fig. 3.3. 


3.4 Simulation Results 


To show the efficacy of the proposed algorithm, a MATLAB simulation is carried 
out with the system parameters shown in Table 3.1. 

It can be observed from Fig.3.3 that for the tuning parameter settings, a = 600 
and y = 3.3, and the load voltage tracks well the reference voltage 12.5 V (dashed 
line). However, the load disturbance occurs at time 2.5; 1.e., the load resistance 
suddenly drops from 100 to 32 Q, and the proposed SMC tracks the reference very 
accurately (Fig.3.3b). With the conventional SMC, load voltage fails to track the 
reference and exhibits a small amount of steady-state error that is apparent before 
and after the load disturbance (Fig.3.3a). 
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(b) Scaled view of Fig.5(a) 


Fig. 3.4 a Load voltage and controller output for a = 6000, y = 0.0020. Load disturbance from 
100 to 32 Q introduced at 0.2 and reference voltage = 19.5 V. b Scaled view of a 
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Load Voltage in volts 


time in seconds 


Fig. 3.5 Load voltage for a = 1000, y = 100 
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Fig. 3.6 Supply variations 50 Hz 2 V peak-to-peak AC sine wave 


For the reference voltage of 19.5 V, the step response of load voltage is studied. 
The load resistance is suddenly varied from 100 to 32 Q. The parameters for Fig. 3.4 
are a = 6000 and y = 0.0020. Figure3.4a shows the load voltage, reference, and 
controller output. The better view is presented in Fig. 3.5b to study the effects of the 
load disturbance. 

Figure 3.5 shows the load voltage with tuning parameter set to a = 1000 and 
y = 100 and for the reference of 19.5 V. For the same parameter setting as in Fig. 3.5, 
the 2 V peak-to-peak, 50 Hz sine wave disturbance is introduced in the supply to 
explore its effects on load voltage. The load voltage is observed as shown in Fig. 3.6. 
To observe the effects, a scale-adjusted version of Fig. 3.6 is shown in Fig. 3.7. The 
effects of the power line disturbance are quite negligible as the chattering amplitude 
is less than 4mV. 
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Fig. 3.7 Supply variations 50 Hz 2 V peak-to-peak AC sine wave scale magnified view 


3.5 Experimental Results 


To validate the proposed strategy, the implementation is carried out on an experimen- 
tal setup. The setup includes STM32F407VG digital signal controller (DSC) from ST 
Microelectronics. It is a 32-bit DSC with ARM CORTEX M4 architecture operated 
with 168 MHz. The analog-to-digital converter (ADC) clock is set to 84 MHz, and the 
states are measured every 10 ms for the feedback control. The Buck converter with 
the parameters as mentioned in Table 3.1 is used for the experimentation. The current 
sensor CTSR 0.6 P from LEM is used for sensing the current. Figure 3.8 shows the 
load voltage response under (a) conventional SMC and (b) proposed SMC. It can be 
observed that the load voltage in Fig. 3.8a is 13.3 V for a given reference voltage of 
12.5 V while with the proposed SMC the load voltage is quite near around 12.47 V 
as observed in Fig.3.8b. The parameters are set as a = 600 and a = 600, y = 3.3 
for conventional and proposed SMC, respectively. Notice that the load resistance is 
100 Q. 

Figure 3.9 shows the experimental result for load voltage for the same tuning 
parameters set in Fig.3.8 but with the load 32 Q. However, it can be noticed that 
with the proposed SMC, load voltage remains unchanged while the same drops just 
below the reference 12.5 V in the presence of load disturbance. The proposed control 
strategy as mentioned earlier results in better steady-state performance by reducing 
steady-state error. It can be observed from Figs. 3.10, 3.11, and 3.12 that for the men- 
tioned values for tuning parameters and load disturbance the load voltage response 
confirms the simulation results except the conventional SMC causes the load voltage 
to drop down upon any reduction in load resistance. The proposed SMC results in 
better load voltage response even in the presence of load disturbances. Figures 3.13, 
3.14, and 3.15 show the load voltage responses with mentioned conditions and tuning 
parameters. 

It can be noticed from Fig.3.16 that the higher value of the tuning parameter a, 
which is set 10000, results in overshoot. The DC—DC Buck converter used for the 
experiment is shown in Fig. 3.17. More understanding of the practical setup can be 
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Fig. 3.8 Experimental results for a = 600 in a and a = 600, y = 3.3 in b. Reference voltage = 
12.5V 
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Fig. 3.9 Experimental results for a = 600 in a and a = 600, y = 3.3 in b. Load disturbance from 
100 to 32 Q. Reference voltage = 12.5V 
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Fig. 3.11 Load voltage with 
proposed SMC with fixed 
load of 10022, a = 6000, 

y = 0.0020 


Fig. 3.12 Load voltage with 
proposed SMC with load 
32 Q, a = 6000, y = 0.0020 


Fig. 3.13 Load voltage, 
pulses with load 100 Q, 
a = 6000, y = 0.0020 
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Fig. 3.14 Load voltage, 
pulses, with fixed load 
100 2, a = 6000, 

y = 0.0020 


Fig. 3.15 Load voltage, 
pulses, with load varied from 
100 to 32 2, a = 6000, 

y = 0.0020 


Fig. 3.16 Load voltage, 
pulses with load 100 Q, 
a = 10000, y = 0.4 
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Fig. 3.17 Diagram for the DC—DC Buck converter circuit 
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Fig. 3.18 DC-—DC Buck converter practical circuit 
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Fig. 3.19 Experimental setup 


acquired with Fig.3.18. The green lines are ground lines of DSC. We have shown 
the connections of the current sensor powered by DSC board itself. The connec- 
tions of the photocoupler/MOSFET Driver TLP250 from TOSHIBA are shown. The 
general-purpose input-output (GPIO) port C pin | and 2 are used for sensing the 
analog values of the states for feedback control. The GPIO port E in 9 is selected as 
controller output. Figure 3.19 shows the experimental setup facilitated to obtain the 
experimental results. 


3.6 Drawback of the Proposed Sliding Mode Control and 
Its Remedy 


The problem with proposed modified SMC law is the poor control on settling time. 
Moreover, the proposed SMC law does not facilitate phase trajectory to hit the slid- 
ing hyperplane in finite time. Hence, the Integral SMC with Finite Time Reaching 
(ISMCFTR) is proposed. For that, let the sliding manifold be 


t 
T=S+ yf |S|°? dt. (3.41) 
0 
Setting T = 0, Eq. (3.41) can be written as, 


t 
S= -y f |S|°?dt. (3.42) 
0 
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Differentiating w.r.t. time both the sides of Eq. (3.42) and exchanging the terms for 
integration, 
ds 


Setting the upper and lower limits for S as 0 and S$ (0) and considering upper and lower 
limits for time as ty and fo, respectively, and integrating both the sides of Eq. (3.43) 


one Can express At as, 
2/S8(0 
At=t —to= ( ) 
Y 


(3.44) 


It can be observed that the sliding mode occurs if the condition TT < Ois satisfied. 
Hence if T > 0, u = 1, from Eggs. (3.1) to (3.6), 


T <0 
— S+y|s| <0 
=> § < -y|s|°° 
=> ax, +x < —y|S|° 


= (« : )x : ays 4 ne, ats, (3.45) 
rpC LC LC LC 
Similarly if T < 0, u = 0, from Eqs. (3.1) to (3.6), 
T>0 
=> (« =z) = ay |S" ih (3.46) 


If the above inequalities are satisfied, the SM exists. Note that in the vicinity of 
hyperplane, i.e., S ~ 0, the fractional power term in Eqs. (3.45) and (3.46) can be 
negligible. 

The control law is given by, 


u= sll + sgn(T)]. (3.47) 


To avoid abrupt changes in the ROE, the parameter a >> a is preferred, while 


parameter y can be set with the help of Eq. (3.41). The following section presents 
some simulation results for the Buck converter in Fig. 3.1. 
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3.7 Simulation Results for Integral Sliding Mode Control 
with Finite-Time Reaching 


Note that the different parameter values are same as mentioned in Table 3.1 except 
the values of w and y. Reference voltage is set to 12 V and a = 4000. Effects of 
varying y can be observed from the following figures. 

Figure 3.20 shows the effects of varying parameter y on load voltage in case of 
proposed SMC law. Note that there is an exponential convergence of error. It can 
be observed easily from Fig.3.22 that the load voltage is quite controllable in the 
sense of time it takes to approach reference. The higher the values of y, the faster the 
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Fig. 3.20 Effects of varying parameter y on load voltage in case of proposed SMC. Load distur- 
bance occurs at 0.2. The load changes from 100 to 32 Q 
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Fig. 3.21 Recovery of load voltage after the load disturbance in case of proposed SMC 
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Fig. 3.22 Effects of varying parameter y on load voltage in case of ISMFTR. Load disturbance 
occurs at 0.2 s. The load changes from 100 to 32 Q 
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Fig. 3.24 Load voltage responses in case of proposed SMC law and proposed ISMFTR 


3.7 Simulation Results for Integral Sliding Mode Control with ... 43 


response. The higher values of y cause peak overshoot. The load voltage recovers 
after load disturbance under proposed SMC and proposed ISMCFTR as it can be 
observed from Figs. 3.21 and 3.23. Figure 3.24 shows the load voltage under proposed 
SMC and proposed ISMFTR for y = 50 and a = 4000 for reference of 12 V. 


3.8 Conclusion 


The proposed strategy is verified by simulation and experimentation results. The 
steady-state and dynamic behavior of the system with SMC laws was studied. The 
influence of tuning parameters on system performance is examined. The proposed 
strategy is able to improve overshoot and undershoots in the load voltage. The 
Region of Existence and the stability analysis are carried out for the proposed control 
algorithm. The simulation and experimental results show that the proposed control 
strategy proved to be satisfactorily in cases of sudden load disturbances. It is observed 
that the proposed SMC improves steady-state error in load voltage. To achieve bet- 
ter control on settling time and overshoot and to facilitate finite-time reaching the 
ISMCFTR is proposed. The simulation results are presented. 

Now as the Buck converters are quite straightforward and inherently stable sys- 
tem, control design is usually straightforward. On the other hand, many applications 
require step-up or Boost converters, e.g., computer disk drive systems, electric ve- 
hicles, and some solar power systems. The step-up or Boost converters are having 
complex dynamics as they contain right-half s-plane zero. Such systems can cause 
inverse response or delayed responses. The complete treatment for designing SMC 
for DC—DC Boost converters is presented. 
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Chapter 4 ®) 
Sliding Mode Controller with PI-Type cro 
Sliding Function for DC-DC Boost 

Converter 


4.1 Introduction 


Recently, the battery-operated equipment is becoming popular among researchers. 
One example is battery-operated hybrid electric vehicle which uses the DC—DC Boost 
Converter. As stated earlier, the converter is used in computers and even in solar power 
systems. Hence, the control of such converters plays very important role in the overall 
performance of the systems. This chapter presents adaptive sliding mode controller 
with modified sliding function for DC—DC Boost Converter. The modification in 
the sliding function not only overcomes the limitations of the conventional sliding 
mode but also improves the performance of the converter with an additional tuning 
parameter. The simulation results show the efficacy of proposed adaptive sliding 
mode controller for DC—DC Boost Converter. The control of power electronic devices 
demands the better tracking performance and quick rejection of load disturbances. 
The sliding mode control (SMC) is inherently robust for matched uncertainty, and 
being a switched control strategy, it has become good control strategy for the power 
electronic converters. 


4.2 Modeling of the Boost Converter 


It is well known that sliding mode control requires model of the system. Researchers 
[2, 7, 8] have discussed various approaches for modeling of PEC. Due to the presence 
of the switching elements in the power electronic systems, the modeling [6] is not 
straightforward. Mathematical models of the power converters provide the pathway 
to various control methodologies discussed in the wide variety of literature. 

Figure 4.1 shows the DC—DC Boost Converter [1, 3] in closed loop. The state- 
space model of the converter can be derived [7]. 
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Fig. 4.1 DC—DC Boost L D 
Converter with adaptive oT i > 
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Let us define states x; and x» as, 
x1 = Vz — BVo, (4.1) 
xy =X, (4.2) 


where V,, = BVz is the reference voltage corresponding to the desired load voltage 
Va, B = Rak is the voltage divider ratio. The SW is a MOSFET switch turned ON 
or OFF with the output of SM controller which is in the form of pulses. Please note 
that vu = 1 means SW is closed and u = 0 means SW is open. L is an inductor, C is 
a capacitor, D is the free-wheeling diode, V, is the output or load voltage, V; is the 
input voltage, and r, is the load resistance. Let us define u = 1 — u. 


From Eq. (4.2), 


_ pie 

2= dt ’ 

2= ae, 
Cc 


where ic is the capacitor current which can be measured as shown in Fig. 4.1. 
Let i, and i, be the inductor current (that contributes to capacitor current) and 
load current, respectively. The above equation can be rewritten as, 


ee ti so (4.3) 
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Let the voltage drop across inductor be v; then, 


<a Vij 
Vp = ULV; o= ait 


u Vi-— Vo 
= = [Sa 


The Eq. (4.3) can be written as, 


x2 = C | 7 dt =] : (4.4) 


Differentiating above equation with respect to time, x2 is obtained as follows: 


B ea dV, | 


or 
C L dt rz 

.  aV, B Bu(V, — Vi) 

= ‘ 4.5 
ae ee LC ee 

: = dV, wo: ‘ 
Since x2 = —B ac» x2 1s given by, 
; 1 u(V, — V; 
a X2 + pik ) (4.6) 


rpC LC 


From Eqs. (4.2) and (4.6), the state-space model of the Boost Converter may be 
obtained as, 
x) 0 1 XxX] 0 =: 
. = + _ : 4.7 
(3) = (0-2) (2) + (aap) om 


4.3 Conventional Sliding Mode Control 


Let us define a sliding function [5] S which establishes linear relationship among 
states in Eqs. (4.1) and (4.2) such that, 


S=ax,;+%, (4.8) 


where a is a scalar and it is tuned to achieve desired performance. 
To ensure the finite-time convergence, reaching condition, 


SS <0, (4.9) 
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must be assured. This imposes the limitations over the existence regions of sliding 
modes [7] as discussed in [4]. In fact, the region of existence (ROE) is the region on 
the phase plane in which if the phase trajectory lies, the sliding modes can exist. The 
sliding mode control law can be defined as per the following rule: 


— OFF 
gO U is S80 (4.10) 
1=ON, S<0 


The above control law will trigger the switching across the sliding manifold S$. The 
switching device has frequency limitation, and hence, for practical implementation 
the following control law is used: 


: fee See iti 


u= 
1=ON, S<-é 
where é is a small positive number. The above control law Eq. (4.11) can reduce the 


severity of chattering by limiting chattering frequency, and hence, it is feasible for 
practical implementation. 


4.3.1 Limitations of Conventional Sliding Mode Control 


The behavior of the states on sliding surface S = 0 is given by, 
x(t) = x (Je, (4.12) 
where fp is any point in time. It can be noted that increasing a makes the system 


faster. It is required to satisfy the reaching law, S <0 if S > 0 and vice versa. As 
discussed above for S > 0, 


5 <0 
= ax, +x <0 
1 
=> xX (« _ ) <0. (4.13) 
rpC 
Similarly for S < 0 
S>0 
. . (Vo — Vi) 
=> AX] + x2 + ee > 0 
1 B(V, — Vi) 
0) 4.14 
= ala =a) + ic” Sa 
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It is noted from inequalities Eqs. (4.13) and (4.14) that the parameter a should 
be chosen carefully. If there are major variations in the load, it is required to select 
a> ae to force the phase trajectory lie in the region of existence (ROE), on the 
phase plane. The inequalities involve a which affects the ROE on the phase plane. 
Thus, the choice of a is restricted as it affects the states’ responses too as mentioned 
earlier. Moreover, the ROE varies with the load variations. 

If the phase trajectory lies beyond the ROE on the phase plane, sliding modes 
may not be guaranteed. By modifying the sliding function, we can add one more 
tuning parameter which can compensate for the load variations. In fact, it makes 
the ROE independent of load variations. The a can be chosen as per the slower or 
faster dynamics requirements. The modification in sliding function leads to better 
steady-state and dynamic performances. 


4.4 Adaptive SMC with Modified Sliding Function 


Let a proportional—integral (PI)-type function of sliding function [4] be defined as, 


t 
P28 % ysants) f S|dt, (4.15) 
0 


where T is the function of sliding function, ‘sgn’ represents the “signum’ function, 
and y > 0 is ascalar. Note that T and S change their polarity simultaneously, and 
hence, the existence regions may be defined easily on the phase plane as in the case 
of conventional sliding function. 

Let us define the control law such that, 


(4.16) 


a O=OFF, T>e 
1=ON, T<-e° 


The existence of sliding modes is possible on the phase plane if the following teach- 
ability conditions are satisfied. 


lim T <0 (4.17) 
T—>0t 
lim T>0 (4.18) 
T>0- 


4.4.1 Existence of Sliding Modes 


The existence of sliding modes is possible if the inequalities Eqs. (4.17), (4.18) are 
satisfied. 
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Case I: ; 
If T > 0, T < 0. So, 


ee yS <0 
=> ax, +x + yax, + yx <0. (4.19) 


Using Eq. (4.7) and considering u = 0 for T > 0 we may get, 


1 
yax; + (« — —+ r) x <0 (4.20) 
rpC 


Case II: 
For T < 0, considering Eq. (4.7) and u = 1, 


Vo — Vi 
4g We VO. 


0 4.21 
Le (4.21) 


1 
yax, + («- — +y)x 
rpC 


The equivalent control law u,, can be derived as follows: 


1 VY, — V; 
yon, + (a— a +7) 0+ (ME) ug =0 


riC LC 
=> Ug = ce + : + (4.22) 
Ueg = BV, _ V;) Vax) a ne VY x2 5 


It can be noted that sliding modes exist along with switching action and u,, is zero 
in case of ideal sliding mode. However, it is not practically possible, and switching 
action is inevitable. 

The inequalities Eqs. (4.20), (4.21) show that the region in the phase plane which 
is bounded by two parallel lines and manifold T, S = 0. Also ROE is not affected 
by load variance with y = Aree hence, the control is robust for load variations. The 
tuning parameter y can be tuned for faster or slower responses requirements. Which 
was possible with the modified SMC. Now, load can be estimated as r, = Ye and the 
parameter y can be tuned as per the load. 


i, 


~ VC 


Y (4.23) 


Thus, the proposed SMC becomes adaptive the load variations unlike conventional 
sliding mode control. 

Figure 4.1 shows the system with proposed control strategy where the load voltage 
and current are continuously monitored for in-line computation of y. 

Figure 4.2 shows the ROE and phase trajectory under the effluence of the proposed 
control strategy. The ROE is obtained by considering the case I and case II with 
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Fig. 4.2, Dynamics of states and region of existence (ROE) on phase plane 


equality. The ROE on the phase plane is independent of load variation due to adaptive 
mechanism. Initial voltage of the capacitor can be set so as the phase trajectory can 
originate within the ROE. 


4.5 Simulation Results and Discussion 


The Boost Converter specifications with proposed control strategies for simulation 
are mentioned in Table 4.1. 

The simulation results with conventional SMC and proposed SMC are presented in 
Figs. 4.3, 4.4, 4.5, and 4.6 for tracking control where the reference voltage is changed 
from 12 V to 20V at time ¢t = 1s. Figures 4.3 and 4.5 show that the performance of 
the converter is satisfactory and tracks the reference voltage under both the strategies. 

Figures. 4.4 and 4.6 show the variations in the load current corresponding to load 
changes. 

To check the dynamic performance and robustness, the load disturbance is given 
by suddenly changing the load from 24 to 10Q at t = 2s. The performance of 
both the conventional and proposed techniques is shown in the magnified windows 
in Figs.4.3 and 4.5. It is observed that the proposed SMC technique is faster than 
conventional SMC as it takes 10 ms to recover the reference voltage compared to 
30 ms after the load disturbance is introduced. 
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Table 4.1 Parameters set for the Boost converter in Fig. 4.1 


Symbol Quantity 

L Inductance 

Cc Capacitance 

a Tuning parameter 

B Voltage divider ratio 

V; Supply voltage 

Va Desired voltage 

TL Load resistance 

y Tuning parameter 

Initial capacitor voltage 

€ Dead zone in switching system 
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Fig. 4.3 Load voltage response with conventional SMC 
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Fig. 4.4 Load current with conventional SMC 
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Fig. 4.5 Load voltage with proposed adaptive SMC with modified sliding function 
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Fig. 4.6 Load current with proposed adaptive SMC with modified sliding function 


4.6 Conclusion 


The proposed adaptive sliding mode control with modified sliding function is applied 
to DC-DC Boost Converter. It is found that the proposed control strategy is better 
in terms of dynamic performance. The tuning parameter is adaptively tuned to meet 
the requirements for load changes, and the overall system response becomes faster. 
Simulation results show the efficacy of the control strategy. 

There are many applications, however, such as battery-powered systems, where 
the input voltage can vary widely, starting at full charge and gradually decreasing as 
the battery charge is used up. At full charge, where the battery voltage may be higher 
than actually needed by the circuit being powered, a Buck regulator would be ideal to 
keep the supply voltage steady. However, as the charge diminishes, the input voltage 
falls below the level required by the circuit, and either the battery must be discarded 
or recharged; at this point the ideal alternative would be the boost regulator (source: 
http://www. learnabout-electronics.org/PSU/psu33.php). In such cases where battery 
is the source of energy or solar cells-based systems, the Buck—Boost converter can 
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be the choice. However, the Buck—Boost converters may be used for some electric 
motor drives and control systems. The conventional Buck—Boost converters give the 
inverted output voltage, i.e., polarity of the output voltage is opposite to that of supply 
voltage. However, many noninverting Buck—Boost converters like Zeta converters, 
Cuk converters are in existence. The next chapter deals with the modeling and SMC 
control and application of the Zeta converter as a part of DC—AC inverter system. 
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Chapter 5 ®) 
Sliding Mode Controller with PI-Type cro 
Sliding Function for Zeta Converter 


5.1 Introduction to the Modeling of Zeta Converter 


The circuit of zeta converter is shown in Fig.5.la. The modeling is done with nor- 
malization technique discussed in [8]. 


Operation of the Circuit in Continuous Conduction Mode 


The zeta converter has two modes of operation named as charging mode and dis- 
charging mode. The charging mode occurs when the switch is ON, and hence, the 
diode is in reverse biased. The current through the inductors L; and Ly is drawn 
from the source [8]. The discharging mode starts when switch is off. The diode is 
forward biased. In the discharging mode of operation, all the energy stored in L is 
transferred to load R. Figure5.1b, c helps understand the charging and discharging 
mode of operation of the zeta converter. 


Modeling Approach 
Normalization 


The normalized system model is obtained by making changes in the scales measuring 
magnitudes of state variables and the time variable. A network containing R, L, and 
C, the normalized states x;, x2 and time t can be obtained from current i, voltage v, 
and time f, respectively, as, 


(2) =F) C) = 


dx, 
x, = — 5.2 
ies (5.2) 
(5.3) 
CS SSS : 
VLC 
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Fig. 5.1 a Diagram for Zeta (a) C, 2 hs 
converter circuit. b The SW | p WS 
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C 
Q= nf. (5.4) 


Model of the Zeta Converter 


With the well-known notations and u as the switching control either ON or OFF, 
ie., | or 0, respectively, the governing dynamical equations for the circuit in Fig. 5.1 
can be given as, 


Lyj— = -( —-w4)v, +uE (5.5) 
dt 
dv : ; 
C a = (1 —u)i, —uip (5.6) 
din 
In— = uv, — v2 + UE (5.7) 
dt 
dv, . 9) 
C,— =i, - = 5.8 
ee (5.8) 


Please note that in Fig.5.1, i and v denote current and voltage, respectively. 
With these variable transformations in Eq.(5.1) and time transformation from 
Eq. (5.3) and from Eq. (5.5), the following two equations can be written. 


dx, 1 Li di, 
siesta eg pelea 5.9 
dt EY C, dt OP) 
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OH oF le E|/L 5.10 
a= EV Gi OM + MEM Le (5.10) 


Considering Eqs. (5.5), (5.9), and (5.10) and from Eqs. (5.2), (5.3) noting x; = oe ; 
one can derive the following equation. 


¥,=—-(—wx tu (5.11) 


Similarly, the remaining three equations can be derived from Eqs. (5.6), (5.7), and 
(5.8) as, 


XxX, = (1 — u)x; — ux3 (5.12) 

O,xX3 = UX. —X4 +U (5.13) 
3 X4 

02X4 =%xX%3-s, (5.14) 
Q 


where x1, X2, %3, and x4 are i, V1, iz, and v2, respectively. Also note that 0; = 2 and 


=~29=R/G& 
= 2,9=R,/9. 


5.1.1 Study of Equilibrium Point Dynamics 


From Eqs. (5.11) to (5.14), one can write the equilibrium point state equations with 
U as the input signal which is averaged u. 


0 -(-U) 0 0 Xe —U 

tp 0 -U0 xx | | 0 
0 U 0-1] |x| | -U ore) 
0 0 1 a oe 0 


Here x;e, where i = | to 4 denotes the equilibrium states. From Eq. (5.15), one can 
derive the following set of equations. 


t og 
Me = Od_uy (5.16) 
U 
2 = a—JU) (5.17) 
1 U 
= OG (5.18) 
X4e a (5.19) 


C=) 
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Equation 5.19 shows that the converter can be operated in either step-up or step- 
down mode. Now the above equations can be written in a different way as, 


Hae" (5.20) 
Xe = : 
amas: 
X20 = X4e (5.21) 
ote (5.22) 
X36 = — . 
amar 
aa (5.23) 
7 (X4e + 1) : 


If we define the state vector as x = [x1, x2, x3, x4]’, where T denotes the transpose 
then the model of the Zeta converter can be written from Eqs. (5.11) to (5.14) as, 


x=f(x)+ g(a)u, (5.24) 


where 


f@)= I (5.25) 
0 


—X1 — X3 
x (1 + x2) 
0 


g(x) = (5.26) 


5.2 Selection of Sliding Surface 


Selection of sliding surface [1, 9] in a random way is not preferable as it may result 
in an unstable behavior. To demonstrate, let us define a sliding surface S which can 
be expressed as, 


S =X, + a(x4 — Va), (5.27) 


where Vj is the desired output voltage of the Zeta converter circuit. This leads to the 
equivalent control law to be, ueg = no With this upg, Eqs. (5.11) and (5.12) can be 
rewritten as, 7 


dx, 


—_—_ = —xX2 + Vas (5.28) 
dt 
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dx2 Va 
= e): 5.29 
aes ie (x1 + X3e) (5.29) 


The linearized zero dynamics at the equilibrium point (x1., x22) = (e , Va) canbe 
obtained by linearization technique. The first and second elements of the first row in 
the system matrix of Eq. (5.30) can be obtained by partial differentiation of Eq. (5.28) 
with respect to x; and x2, respectively. Similarly, the first and second elements in the 
second row of system matrix of Eq. (5.30) can be obtained by partial differentiation 


of Eq. (5.29) with respect to x; and x2, respectively, with considering x1. = ue and 


X30 = ra from Eqs. (5.20) and (5.22). Thus, the equilibrium point dynamics can be 


expressed as, 
’ 0 —l 
(3) = oe Gat (5.30) 
*2e T+ Od+Va) ae 


where 6 represents the deviation from the equilibrium point. By observing the matrix 
in the above equation, it can be noticed that the characteristic equation for the lin- 
earized zero dynamics of Eq. (5.30) can be given by, 


0 -1 
aer| or — ( — )]-o. (5.31) 
14+Va Q0+Va) 


where s is the Laplace operator and J is the identity matrix. However, the characteristic 
equation becomes s” — on + mW = 0 which has at least one root on the s-plane 
on the right half. This means that the equilibrium point dynamics exhibit the unstable 
dynamics. Hence, the sliding surface of Eq. (5.27) is not viable. 


Let us select the sliding surface to be 


XxX Xe x * . 
; ; : Q 


It can be proved that for some positive-definite function [7] of the states represent- 
ing the linearized dynamics at equilibrium point x; = Yt V = v(dx7, bX3¢, 5X40, ©), 
where v denotes a function of variables and © is sufficiently large to make V as 
positive definite. And if one can prove V <0, then stability is guaranteed. However, 
it can be shown that such a positive-definite function exists, and hence, Eq. (5.32) 
can be the choice [8]. The following conventional SMC control law is chosen 


u = 0.5 * [1 — sign(x1 — X1e)] (5.33) 


The SMC law with modified sliding function [4-6] for the Zeta converter for this 


case iS 
u=0.5 x [ — sign (s +y i sat) : (5.34) 
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The integral term is added for reducing the steady-state reference tracking error. The 
simulation results are presented in the following section. 


Justification for the Choice of Sliding Function 


With the sliding function or sliding surface given in Eq. (5.32), the equilibrium point 
dynamics are stable [8]. From Eq. (5.24), the equivalent control law ueg can be 
obtained as, 


as as = 
tsa |r| E | (5.35) 
Hence, Ueq 18 given by, 
X2 
eq = 7 5.36 
i oer ns (5.36) 


Also, Ueg can be obtained from Eq. (5.11) by setting x; = 0. The ideal sliding mode 


dynamics corresponding to S = 0, i.e., x) = ve can be given as, 
a ) (5.37) 
— Xie — X2Xx ‘ 

de fe” 
d. 

0 = x) — x4 (5.38) 
dt 
dx4 1 

02 — = x43- = 5.39 

oF ee (5.39) 


For the stability assessment for equilibrium point dynamics, the following positive- 
definite function may be chosen [8]. 


1 
V= 5 [ (x2 — X20)” + 01 (x3 — X30)” +02(%4 — X4e)”] + O 


‘a [x2(0) — X2¢][43(7) — x3] 
0 1+2x2(c) 


do (5.40) 


Here, © > (is such that V is positive definite with x2 > 0. With some mathematical 
arguments, it can be shown that, 


a 1 2 (x2 — X26)? 
V= 0 X4e)” — X3¢ (+x) <0. (5.41) 


Thus, the sliding surface S in Eq. (5.32) can be the choice. Now, switching across 
S results in stable equilibrium point dynamics. So does the switching across 
(S +yf Sdt). The reason for the same can be very clear from the following argu- 
ments. Equating (S +y f Sdt) to zero results in S = —y ‘i Sdt. And for y > 0, this 
condition leads to minimization of S. 
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5.3 Simulation Results with Concluding Remarks 


In Fig.5.2, the outlines of the implementation of the control strategies are given. 
Note that the normalized values of the i; are used. Moreover, the x4, is given by 
the normalized equilibrium state and x4. = vt . In Fig.5.2, the block SMC law is 
a sliding mode controller using the control law mentioned in either Eq. (5.33) or in 
Eq. (5.34). 

The simulation parameters are set as per Table 5.1. The figures are self-explanatory. 
In Fig.5.2, the simulation model is shown. Figure 5.3 shows the load voltage and 
responses for the converter with the conventional and proposed SMC. The reference 
voltage is set to 60 V and undergoes step change to 150 V at 0.2s. The dotted lines 
represent reference voltage. Figures 5.4 and 5.5 show the inductor currents through 
L, and Ly, respectively, with the conventional and proposed SMC. The graphs look 
almost same except a spike which is observed in Fig.5.4b. The capacitor voltage 
across C, can be observed in Fig.5.6 for the said control strategies. By observing 
Figs. 5.7 and 5.8, one can immediately observe that the steady-state error in reference 
tracking is reduced by using the proposed SMC in both the step-down and step-up 
mode of operation. For the step-down mode, i.e., for reference 60 V, the tracking 
error is 0.15 V for conventional SMC, and it is 0.02 V for proposed SMC as can 
be observed from Fig. 5.7a, b. Similarly from Fig.5.8 the steady-state error can be 
observed for the step-up mode of operation, i.e., for reference voltage 150 V. For the 
conventional SMC, the steady-state error in reference tracking is 0.4 V while it is 
0.35 V for the proposed SMC. 
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Table 5.1 Simulation parameters for Zeta converter under SMC 
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Symbol Description Value 
ly Inductance 600 4H 
In Inductance 1.3 mH 
Ci Capacitance 15 uF 
C2 Capacitance 12 uF 
Vi Supply voltage 120 V 
Vref Reference voltage 60 or 150 V 
TL Load resistance 25 Q 
Initial capacitor voltage OV 

€ Dead zone in switching element 0.001 

130 


— Load voltage 
crs Reference voltage | 


Load voltage and Reference voltage (V) 
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(a) 


— Load voltage 
oF Reference voltage 


Load voltage and Reference voltage (V) 
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(b) 


Fig. 5.3. Load voltage responses for step change in reference voltage from 60 V to 150 V, a con- 
ventional SMC, b proposed SMC 
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Normalized inductor current through L, (A) 
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Fig. 5.4 Current through inductor L;, a conventional SMC b proposed SMC 


Dn 
ms 
n 


Sliding Mode Controller with PI-Type Sliding Function ... 


Normalized inductor current through L, (A) 
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Normalized inductor current through L, (A) 
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Fig. 5.5 Current through inductor L2, a conventional SMC b proposed SMC 
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Normalized capacitor voltage across c, (Vv) 
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Fig. 5.6 Voltage across capacitor C;, a conventional SMC b proposed SMC 
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Load voltage and Reference voltage (V) 
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Fig. 5.7 Load voltage in step-down mode of operation, a conventional SMC, b proposed SMC 
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Fig. 5.8 Load voltage in step-up mode of operation, a conventional SMC, b proposed SMC 
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5.4 Conclusion 


In this chapter, the modeling of the Zeta converter is presented with the normalization 
technique. The importance of selection of proper sliding surface is also explained. 
The detailed analysis of the converter is presented under the SMC. The Zeta con- 
verter is controlled with both conventional and proposed sliding mode controller. 
The simulation results show that the proposed SMC outperforms the conventional 
SMC as far as steady-state error is concerned. 

Up till now, only the DC—DC converters with SMC are discussed. However, many 
AC applications such as inverters, UPS, and variable voltage variable frequency 
(VVVF) inverters are used widely in the various industrial applications. The idea 
of implementing sine wave inverter is presented in the next chapter. Moreover, the 
outlines of power factor controllers are given. 
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Chapter 6 M®) 
Application of Sliding Mode Controller oe 
with PI-Type Sliding Function for 

Inverter and Power Factor Controller 


6.1 The Inverter System with Zeta Converter 


The Buck—Boost converter like the Zeta converter can be a suitable converter for 
designing an inverter [2]. The detailed discussion on Zeta Buck—Boost converter is 
discussed in the previous chapter. Here the reference/desired voltage Vy for the Zeta 
converter output is the full wave rectified sine wave, 


Vz = abs(160 « sin(2zft), (6.1) 


(where abs denotes the absolute positive value). The output of the Zeta converter is 
then fed to the H-Bridge circuit using MOSFET or IGBT as switching devices shown 
in Fig.6.1 [4, 5]. 

The switching logic in the figure is to switch opposite pair of IGBT/MOSFET 
with the sign or polarity of Visine = sin(2zrft). Figure 6.2 shows the load voltage and 
reference sine wave of Eq.(6.1) with 50.2 Hz frequency. It seems that the perfect 
tracking is not done, but for most of the practical applications, it is quite satisfactory. 
Figure 6.3 shows the FFT analysis for the voltage wave. The THD in percentage is 
about 4.63, and it may be quite acceptable. 


6.2 Power Factor Controllers with Sliding Mode Controller 
with PI-Type Sliding Function 


Power factor is the main aspect for any AC—DC power conversion. It directly reflects 
the efficiency and quality of such power electronic converters. The power factor 
controllers are generally designed with Boost converters for obvious reasons. The 
controller as its name suggests, keeps the supply voltage and current in phase and 
hence improves the supply-side power factor. The power factor controller (PFC) acts 


© Springer Nature Singapore Pte Ltd. 2019 69 
A. Mehta and B. Naik, Sliding Mode Controllers for Power Electronic 

Converters, Lecture Notes in Electrical Engineering 534, 

https://doi.org/10.1007/978-98 1- 13-3152-7_6 


70 6 Application of Sliding Mode Controller with PI-Type Sliding Function ... 


21 


From zeta 
converter 


22 


Switching Logic 
to generate gate | 9g 
pulses 


Vsine 


(Template 


Fig. 6.1 Inverter circuit excited by the Zeta converter output 
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Fig. 6.2. Load voltage of the inverter circuit and reference sine wave (dotted line) 50.25 Hz 


as a resistor on supply side. A sinusoidal reference is required. The application of 
SMC for PFC is available in [3, 6]. In this section, we directly present simulation 
results for PFC Boost controllers without discussing much about the theory. For the 
simulation study, the parameters are set as per the Table 6.1. 

In Fig. 6.4, the supply current is amplified by factor 5 for better visualization in 
graph. The set point for the load—capacitor voltage V,.¢ is 400 V. The PID controller 
settings are as mentioned. It can be seen from Fig.6.6 that he load voltage with 
little oscillations around the reference (400 V). While the supply voltage and current 
(V;) and (/;) are in phase. Thus, the goal is achieved. Figure 6.5 shows the same 
system with SMC and not using PWM for the inner control loop, i.e., current loop. 
The reference is 450 V. Note that Vi, ia represent the load voltage and current, 
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a 


Fundamental (90.25¢z) = 151.2, THO 4.63% 


Fig. 6.3. FFT spectrum of the load voltage of the inverter 


val 


Table 6.1 Simulation parameters for Zeta converter and Inverter system under control 


Symbol Description Value 
Ly Inductance 2mH 
Ci Capacitance 940 LF 
R Load resistance 160 Q 
Vref Reference voltage 400 or 450 V 
f Supply frequency 50Hz 
ts PWM switching frequency 80 kHz 
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Fig. 6.4 Boost PFC with voltage and current references and with PWM/PI controller 
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Fig. 6.5 Boost PFC with voltage and current references and with SMC controller 
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Fig. 6.6 Supply voltage, current and load voltage waveforms for PFC Boost controller with 
PWM/PI control 


respectively. Also, tye, igcr represent the reference and actual inductor current for 
the DC—DC Boost converter. Moreover the Vjem, = |sin(2zft)|, where f is supply 
frequency. The results are shown in Fig. 6.7. 


6.2.1 Sliding Mode Control for Current Loop of Power 
Factor Controller 


The SMC for the inner loop which is current control loop can be given by the equation, 


u=sgn (ine + ko i; ct) : (6.2) 
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Fig. 6.7 Supply voltage, current and load voltage waveforms for PFC Boost controller with SMC 
control 


Here, k;, ky represent the proportional and integral gain, respectively, in the inner 
loop PI controller in Fig. 6.5. The error input to the PI controller, 


e= Lref — Tact: (6.3) 
The first-order dynamics of the error, 


de dyer diact ae V; at ni - 
= = = lre 
dt dt dt = 


(6.4) 


Here, V; is the full wave rectified line voltage input to the Boost converter [1]. Also 
note that the wu denotes the complement of u, i.e., 7 = 1 — u and needless to state that 
the uv = 1 and u = 0 symbolizes the ON and OFF states of the switching device of 
the Boost converter. 

From Eqs. (6.4) and (6.2), one can immediately notice that 


. Vi Vue 
€ = lef — L + — bs at — sgn (ine + ko / cat) ) ; (6.5) 


Here, it is observed that for e > 0, the condition i;p < u must be satisfied for 
stability. Similarly, the condition | Yee | > (bef — i) must be satisfied for e < 0. 
Hence, convergence of error is assured for k,, ky > 0. 


6.2.2. Simulation Results 


The study of PFC boost circuit for current reference tracking is also carried out for 
PWM/PI and SMC controller actions. However, the sliding surface is chosen to be 
PI type in case of SMC. The open-loop response of PFC boost circuit is shown in 
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Fig. 6.8 Open-loop response of PFC boost system for duty cycle of 20% 
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Fig. 6.9 FFT spectrum for PFC Boost controller in open loop 
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Fig. 6.10 PFC boost reference current tracking of 10 A with pwm/PI controller with proportional 
gain 2 and integral gain 50 
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Fig. 6.11 PFC boost reference current tracking of 10 A with SMC controller with PlI-type sliding 
surface proportional gain 2 and integral gain 0.01 
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Fig. 6.12 Supply voltage and supply current for PFC boost circuit with pwm/PI control 
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Fig. 6.13 Supply voltage and supply current for PFC boost circuit under SMC control 
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Fig. 6.14 FFT spectrum of supply current for PFC Boost controller with PWM/PI 
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Fig. 6.15 FFT spectrum of supply current for PFC Boost controller with SMC 


Fig. 6.8. The THD in percentage is shown for this open-loop case in Fig. 6.9 which 
are quite unacceptable. However, the reference current is tracked (reference current 
amplitude 10 A) in both the cases of PWM/PI and SMC controllers (Figs. 6.10, 6.11, 
6.12 and 6.13). However, the FFT spectrum analysis and THD values can be observed 
in Figs. 6.14 and 6.15 for pwm/PI and SMC control actions, respectively, for PFC 
boost circuit. The THD value observed for the case of SMC controller is obviously 
better which is 5.72. 


6.3 Conclusion 


The idea of implementing the Zeta converter-based sine wave inverter is pre- 
sented. The steady-state error is reduced. The power factor controller based on 
Boost converter is also controlled with both conventional PWM-based technique 
and proportional—integral-type sliding function-based SMC. The performance of the 
later is quite satisfactory in terms of THD. 
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The issue of chattering is well known for SMC. There are some techniques which 
can be applied to make chattering less severe. The higher-order sliding mode control 
(HOSMC) can alleviate chattering. There are many algorithms such as second-order 
SMC, suboptimal, twisting and super twisting algorithm (STA). In the next chapter, 
the application of second-order SMC (SOSMC) for DC-DC Buck converter is dis- 
cussed to alleviates chattering in the load voltage. Comparison of performance of the 
converter under conventional or classical SMC and SOSMC is also presented with 
simulation and experimental results. 
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Chapter 7 M®) 
Output Feedback Second-Order Sliding pee 
Mode Controller for DC-DC Buck 

Converter 


7.1 Introduction and Literature Survey 


The DC-DC Buck converters need careful design as far as load disturbances, inter- 
ference, and peak-to-peak ripple content are concerned. The quality of the output 
signal, i.e., load voltage, must be maintained at optimum level. Whether the power 
converters or more precisely power electronic converters (PECs) [13] are DC-DC 
Buck (step down), Boost (step up), or DC-AC Boost converters [3], they all are likely 
to involve the use of a good control system for one or other reasons. The reasons for 
using the control systems may be reference tracking requirements, load disturbance 
rejections, or stability improvement. There are many control strategies discussed in 
the wide variety of literature. 

As it is stated earlier, the basic principles of SMC can be found in [4, 23]. The 
recent trends in SMC for PEC are well presented in [17, 20-22]. The fundamentals 
of PEC and classical control with pulse-width modulation-based PID controllers and 
state-space modeling are discussed in detail in [1]. The modified sliding function- 
based SMC for DC—DC Buck and adaptive SMC for DC—DC Boost converters are 
discussed in [14, 15], respectively. In [11], they have presented frequency-based and 
observer-based SMC. The adaptive terminal sliding mode control for DC-DC Buck 
converter is presented in [6]. However, many classical methods for modeling and 
control can be found in [10, 12, 18, 19]. Apart from SMC, some other similar kinds 
of control strategies are discussed in [16, 24]. The fixed-frequency hysteretic cur- 
rent (FFHC) controller that uses both SMC technique and fixed-frequency current 
controller with a hysteresis band to achieve all properties of the variable structure 
controller is discussed in [9]. However, SMC technique suffers from chattering phe- 
nomena, i.e., switching in the controlled variable due to the discontinuous nature of 
control law. In past few years, the higher-order SMC (HOSMC) [7, 8] came into 
existence which can alleviate chattering. The complete treatment of higher-order 
SMC (HOSMC) can be found in [2, 5]. 
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There are different types of HOSMC strategies are available like second-order 
SMC (SOSMC), twisting algorithm, super twisting algorithm, prescribed conver- 
gence law (PCL) and suboptimal algorithm. Compared to other HOSMC like second- 
order SMC or twisting algorithm, the super twisting algorithm (STA) does not require 
the measurement of derivative of sliding surface or sliding function. But if the deriva- 
tive of sliding function is feasible, the other methods can be preferred. Moreover, 
STA is a continuous control law which may not be ideal for the systems with dis- 
continuous inputs like many of the switching PEC unless PWM-based control is 
used. In this chapter, the implementation of the second-order sliding mode control 
(SOSMC) or two-sliding control with the so-called prescribed convergence law is 
discussed. Also, the converter performance is tested with both conventional/classical 
sliding mode control and the two-sliding control. Here, the performance of the Buck 
converter with SOSMC is compared with that of classical SMC in terms of chattering 
alleviation. The output feedback with state estimation is used for the ease of imple- 
mentation. The systematic implementation guidelines are provided. Effects of con- 
troller parameters are explored with simulation and experimental results. Effects of 
the load disturbance are also studied. Moreover, the stability bounds of the controller 
parameters are also obtained. Also, the effects of varying controller parameters on 
the controlled variable, i.e., load voltage, are explored for reference tracking. Finally, 
the simulation and experimental results are presented. 

The chapter is organized as followed: In Sect.7.2, the model of DC-DC Buck 
converter is presented. In Sect.7.3, the SMC and second-order SMC (two-sliding 
mode control) are discussed in brief. The implementation guidelines are presented 
in Sect. 7.4. In Sects. 7.5 and 7.6, the simulation results and experimental results are 
presented respectively. 


7.2 Modeling of DC-DC Buck Converter 


A sliding mode voltage controlled (SMVC) DC—DC Buck converter model is derived 
using state-space approach [22]. A mathematical model of DC—DC Buck converter 
as shown in Fig.7.1 in open loop can be derived using basic circuit analysis laws. 
The converter is with the pure resistive load whose output voltage is to be controlled 
with SMC. The converter is assumed to be operated in continuous current conduction 
mode [13]. Let 6 = Raw be the voltage divider ratio. The values or R; and R> are 
very high compared to the load resistor to avoid loading effect. If V,. is a reference 
voltage, V,, = BV er is the scaled down version of reference voltage. L is an inductor, 
C is a capacitor, D is the free-wheeling diode, V, is the output or load voltage, V; 
is the input voltage, and r,; is the load resistance. The SW is a n channel MOSFET 
switch turned ON or OFF with the output of SM controller which is in the form of 
pulses. Noting that vu = 1 means SW is closed and u = 0 means SW is open, the 
state-space model of the electrical system can be derived by defining the states as 
follows: 
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Fig. 7.1 DC—DC Buck converter with modified sliding function-based SMC 


x1 = Vy — BV, (7.1) 
x = iy. (7.2) 


As stated earlier in Chap. 3, Sect.3.2, the model of the DC-DC Buck converter 
can be given by, 


el=[- a [E+ Lede Le] 
Li [secs x |t [4 |*t| % |: os 


7.3. The Control Techniques 


Based on the valid state-space model of the converter circuit, the advance control 
technique may be suggested. Here, the SMC is the choice of interest. Moreover, 
the performance of the DC—DC Buck converter is evaluated with both the classical 
SMC and SOSMC. Following sections provide brief introduction to both the control 
techniques. 
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7.3.1 Classical Sliding Mode Control 


The performance of the converter of interest is to be tested for both the classical 
SMC and SOSMC. Firstly, the brief outlines of classical SMC are presented. Let the 
sliding function S which establishes linear relationship among states be defined as 


S=ax; +x» = Jx, (7.4) 


x : : 
where J = [a, 1], state vector x = | a is a scalar, a > O, and it controls the 
2 


first-order dynamics of Eq. (7.4). By reducing the value of a, one can slow down the 
reaching mode dynamics. It is known that sliding mode control occurs if the reaching 
condition 


dS sor 
rn <05 JxxJ <0, (7.5) 
is satisfied [4, 23]. Here, ' represents transpose of the vectors. The classical sliding 
mode control law [15] can be defined as 


vo See (7.6) 


Here, sgn(.) is the signum function [2]. As it is well known, classical SMC has some 
draw backs. One of them is chattering or high-frequency switching. The SOSMC 
reduces the chattering in a considerable way as it will be shown later. Introduction 
of SOSMC used is presented below. 


7.3.2 Introduction to Two-Sliding Control 


Let the dynamical system be represented as 

x = Ax + By (7.7) 
and the first derivative of sliding surface be defined as 

o =f (x,v,0), (7.8) 
where f is function of state vector, controller effort v(2-sliding control law) and time. 
The sliding modes are nth order sliding modes or n-sliding mode ifo =o =o = 


do 
aisiee's di 


= 0. There are many alternatives to two-sliding control like suboptimal 
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algorithm, twisting controller, super twisting controller. One of them is prescribed 
convergence law [5]. The controller with the prescribed convergence law is given by 


v = —Ksgn(o + wlo|°>sgn(o)). (7.9) 


Let o is defined as x; in Eq. (7.1) andx, y% > 0. With this definition, one can imme- 
diately notice from Eq. (7.4) that 


Go =h(t,x) + g(t, x)v. (7.10) 


The following inequalities hold globally for the smooth functions h and g for some 
Kn, Ku, Z>0. 


0< Kn<g<Km, |h|<Z (7.11) 
GE [—Z, Z| . [Km Ku |v (7.12) 


Let I be defined as TF = 6 + wlo|°>sgn(o). Then, Eqs. (7.9), (7.10), (7.11), and 
(7.12) yield 


I €[-Z, Z] — [Km Ku |sgn(L) + 0.56 |a|7°> (7.13) 


As far as the condition, aK, — Z > r, the condition "I" < 0 is satisfied in the 
vicinity of 7 = O where ¢ = —Wo°>sgn(c) and hence 1-sliding mode exists at each 
point except the origin on the phase plane o versus o. This is because 


I e€[-Z —«Kysgn(L), Z — «Kysgn()] — 0.5v? (7.14) 


So, as stated above, the condition for one-sliding mode to exist is KK, — Z > _ 

Any trajectory starting with J” > 0 will hit the lower portion of the phase plane 
and hence will definitely terminate on I” = 0. Similarly, the trajectory started with 
I” < O also terminates on J” = 0 and then reaches toward the origin in finite time. 

The two-sliding mode control law in Eq. (7.9) is a suitable choice for the switching 
power converters because of its discontinuous nature. The many of the other alter- 
natives for the two-sliding mode control are continuous in nature. Hence, they are 
tricky to be used with the systems like power electronic switching converters which 
do not allow the continuous inputs except pulse-width modulation (PWM)-based 
control which is not discussed here. In the next sections, the guidelines for deciding 
the stability bounds on the controller parameter, the implementation of SOSMC law, 
and simulation results are presented followed by experimental results. 
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7.4 Estimating the Stability Bounds of Controller 
Parameters 


In this section, the bounds of the SOSMC parameters are obtained to assure stability 
of the overall system. From Eq. (7.3), it can be noticed that 


—1 —1 V; V, 
x: B + E 


TA 
LC’ LC cil) 


Let o = x, as stated in the previous section and by observing Eqs. (7.10)—(7.15), 


= eee (7.16) 
lie ne re |" 
BV; 
mee ees 7.17 
8= Te (7.17) 


If Reg is the effective series HORSES in the charging path of the capacitor, the 
maximum charging current is _ With this fact and from the definitions of the 


states, the bounds of g and h can be defined. 


4 Vi 

o< TA cec (7.18) 
=| =i Vi, 

|h| = rout newt uc| (7.19) 

Vu 

|h| = A BV.) + —> ic Sar (7.20) 
0 V; 

|h| < ad + (7.21) 


~ LC Crp Reg 


The constraints on the controller parameters exist with the inequality «K,, — Z > 
e to be manifested as 


pve _ Be BV; 


0.5y7 72) 
i Te Ga one 


This puts the constraint on controller parameter y. 
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7.5 Implementation of the Second-Order Sliding Mode 
Controller 


The major issue of implementation is that the control law of Eqs. (7.9) and (7.12) 
involves the measurement or estimation of first derivative of state. However, the 
derivative of state x, is directly available as the capacitor current which is bidirectional 
or AC. This requires the use of fast and accurate current sensor with isolation. This 
adds extra cost for hardware implementation. Moreover, such sensors are prone to 
noise, and hence, extra care should be taken. However, the estimation of state and its 
first derivative is possible with the use of accurate and fast-computing device such 
as a digital signal controller. The algorithm for estimation of derivative o is based 
on trapezoidal rule or Tustin’s method. Algorithm | is suggested to implement the 
control law of Eq. (7.9). 


Algorithm 1 To implement control law Eq. (7.9) 
Require: «, y > 0, parameter initialization o(k — 1) =0 
TI: Timer Interrupt Routine() 
x1(k) < measure state at sampling instant kT 


x(k) — a(k) 
6 <— Z(o(k) —o(k — 1)) 
if o < 0 then 
sen(a) = —1 
else 
sen(o) = | 
end if 


jo| =o *sgn(o) 
|o|9-> < squareRoot(a) 
compute I” 
v <— —ksgn(I’) 
if v < 0 then 
SW < OFF 
else 
SW <—ON 
end if 
while | do 
wait for Timer Flag TF = 1 
if TF = | then 
TF =0 
Execute 77() 
end if 
end while 


Please note that in Algorithm 1, T and SW denote the sampling time and status 
of MOSFET switch. The k denotes the sampling instant. 
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Table 7.1 Parameters set for simulation and experiment for the system in Fig. 7.1 


Symbol Description Value 
L Inductance 0.6 mH 
Cc Capacitance 100 LF 
a Controller parameter 4000 

K Controller parameter —4000 
Vi Supply voltage 24V 
Vref Reference voltage 12V 
TL Load resistance 100 Q or 32Q 

Initial capacitor voltage OV 
wv Controller parameter 1056 
B Voltage divider ratio 0.128 


7.6 Simulation Results for DC-DC Buck Converter 


The parameters in Table 7.1 are set for hardware implementation and software sim- 
ulation. Figure7.2 shows the load voltage for reference 12 V. The magnified view 
shows the chattering amplitude is about 0.10 volt peak to peak under the conven- 
tional SMC law. However, by observing the Fig.7.3, one can immediately notice 
that the chattering amplitude is reduced to about 0.05 volt peak to peak with two- 
sliding mode control in action, while it is about 0.09 volt peak to peak for classical 
SMC. The load disturbance occurs at 0.2 s where load resistance changes to 32 from 
100 Q. Apparently, the two-sliding mode controller works better as expected in terms 
of steady-state performance which can be immediately observed from Figs. 7.2 and 
7.3. The chattering alleviation is apparent if phase plane trajectories for conventional 
and second-order SMC controlled Buck converter are observed as shown in Figs. 7.4 


20 T T T T 
18/ : 
Load Disturbance 
a 16 Occurs | 
= 144 : 4 
o 
Oo 104+ 7 
> 8 “ 
3 11.84 
Oo 6L 11.82 a 
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4+ 11.78 4 
11.76 
2+ 0.1 0.13 0.14 0.15 4 
(0) i i i i i 1 i 
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Fig. 7.2. Load voltage response of the DC—DC Buck converter with classical/conventional SMC 
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Fig. 7.3. Load voltage response of the DC—DC Buck converter with SOSMC 
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Fig. 7.5 Phase portrait of DC-DC Buck converter with SOSMC 
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Fig. 7.6 Effects of the SOSMC controller parameters on load voltage 


and 7.5. Minimization in state x; in Fig.7.5 is more obvious compared to Fig. 7.4. 
It is clear from Fig. 7.6 that the higher values of y tend to increase the chattering 
amplitude in the load voltage. 


7.7 Experimental Results 


Figure 7.7 shows the load voltage and pulses to the switching device under the classi- 
cal SMC law. The reference set is 12 V. The AC analysis for the same is presented in 
Fig. 7.8. Similarly, in Figs. 7.9 and 7.10, the response of load voltage with SOSMC 
controller output and AC analysis is presented, respectively. While comparing the 
Figs. 7.8 and 7.10, one can notice the chattering amplitude is reduced in Fig. 7.10 by 


Fig. 7.7 Load voltage 
response of the DC-DC 
Buck converter with 
conventional SMC and 
controller output 


x”. erp 
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Fig. 7.8 AC analysis of load 
voltage response of the 
DC-DC Buck converter with 
conventional SMC and 
controller output with load 
disturbance of 100 to 30 Q 


Been, 500rV J 


Fig. 7.9 Load voltage 
response of the DC-DC 
Buck converter with SOSMC 
and controller output 


200 mV. The chattering frequency is 15.9 kHz in case of second-order SMC com- 
pared to 6.3 kHz that of conventional SMC. Practically, the load voltage response 
does not exhibit any significant change when load resistance is disturbed from 100 
to 32Q. The chattering amplitude in the presence of load 32 Q for conventional 
and second-order SMC laws is shown in the Figs.7.11 and 7.12, respectively. One 
can observe that the chattering amplitude in Fig.7.11 is approximately 1.5 times 
that of in Fig. 7.12. The circuit implementation guidelines can be obtained from the 
Fig. 7.13. The algorithm is implemented in software with digital signal controller 
STM32F407VG which is based on ARM Cortex M4 architecture. 


90 7 Output Feedback Second-Order Sliding Mode Controller ... 


Fig. 7.10 AC analysis of 
load voltage response of the 
DC-DC Buck converter with 
SOSMC and controller 
output without load 
disturbance 


Fig. 7.11 AC analysis of 
load voltage response of the 
DC-DC Buck converter with 
conventional SMC and 
controller output without 
load disturbance 


Fig. 7.12 AC analysis of 
load voltage response of the 
DC-DC Buck converter with 
SOSMC and controller 
output with load disturbance 
from 100 to 30Q 
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Fig. 7.13) DC—DC Buck converter with digital signal controller for circuit implementation 


7.8 Conclusion 


The load voltage reference tracking of the DC-DC Buck converter is tested with 
both the classical and PCL/SOSMC laws. The quality of the load voltage in terms of 
chattering is evaluated for both the control strategies. With the simulation and exper- 
imental results, it is very clear that the implementation of SOSMC with the proposed 
algorithm is quite effective to reduce the chattering effect. The performance with 
the load disturbance is also tested. The stability bounds of the controller (SOSMC) 
are also obtained with analysis. The proposed control methodology may be applica- 
ble for other switching PECs like DC-DC Boost converters, DC-AC inverters, and 
Buck—Boost converters. 
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Chapter 8 Mm) 
Conclusions and Future Work ectics 


The monograph discussed the applications of conventional SMC and its limitations, 
especially for PEC. With the use of proposed SMC, the steady-state error is mini- 
mized. Moreover, the variations in ROE due to system parameters variations can also 
be counteracted in case of Buck and Boost converters. The proof of stability is given. 
The improvement in load disturbance rejection is demonstrated with simulation and 
experimental results. For Boost converter, the adaptive mechanism is incorporated to 
compensate load variations. Due to the proposed SMC for Boost converter, the load 
voltage settles quickly to reference compared to conventional SMC when load distur- 
bance occurs. The Zeta converter is also controlled with conventional and proposed 
SMC. The idea of designing sine wave inverter with Zeta converter is also proposed. 
The results are presented and seem satisfactory. The power factor controller based on 
Boost topology is also tested for the performance with the use of SMC and PWM-+PI 
control. The simulation results are quite better in case of SMC. The quality of load 
voltage is assessed in terms of THD. 

Use of second-order sliding mode control (SOSMC) for DC—DC Buck or step- 
down converter is also proposed. The experimental and simulation results are pre- 
sented. The experimental results confirm that the chattering alleviation is quite effec- 
tive with the SOSMC. It is shown that the chattering amplitude is reduced 1.5 times 
compared to the conventional SMC case. The implementation guidelines are also 
presented. The use of digital signal controller (DSC) proved to be feasible while 
executing complex algorithms and state estimation. 

Overall observations of simulation and experimental results depict that the pro- 
posed SMC is quite effective for various types of PEC. The proposed SMC is quite 
better for load disturbance rejection. It also improves the steady-state performance. 
The suitable choice of SOSMC for PEC can be the so-called prescribed convergence 
law (PCL). Because of the discontinuous nature of PCL, it is inherently suitable 
for the PEC. The conditions for application of PCL specifically for DC-DC Buck 
converter are derived. The output feedback is used for implementation. The bounds 
of controller parameters are obtained with analysis. 
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The digital implementation can be preferred over analog due to obvious reasons. 
The proposed SMC can be applied for multilevel converters. The practical aspects 
for application of SOSMC/HOSMC for higher-order and nonlinear converters like 
Buck—Boost, Zeta, and Cuk can be considered. The proposed SMC can be applied 
to more complex systems like three-phase converters and inverters. The feasibility 
of various available HOSMC techniques for PEC should be evaluated. The use of 
HOSMC with PWM technique can also be explored. 

In future, the proposed control strategy shall be applied for a variety of DC-—DC 
and DC-AC power electronic converters like Cuk converter, SEPIC, synchronous 
rectifiers, and three-phase controlled rectifiers. Moreover, the feasibility of the con- 
trol strategy may be checked for low-power as well as high-power converters. The 
chattering alleviation may be considered for real-world applications. 
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